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Abstract
An oxidation ditch is a biological wastewater treatment unit process where
microorganisms are utilized to transform organic matter, and nitrogen from wastewater to meet
the desirable effluent concentrations. Mechanical aerators are part of these biological reactors
facilitating oxygen transfer for the aerobic microorganisms, while agitating and circulating the
phase constituents within the ditch. Modeling the performance of an oxidation ditch involves
combining hydrodynamics, oxygen mass transfer, and bio-kinetics and is one of the grand
challenges that is of paramount importance in optimization of design and operations of these
facilities in an energy efficient way while meeting the targeted effluent concentrations. Several
computational fluid dynamics (CFD) models were developed and used to understand the
hydrodynamics, flow patterns, and bio-kinetics for the design and operation of these oxidation
ditches.
This work developed a 3-D computational fluid dynamics (CFD) model of a full-scale
oxidation ditch. The 3-D model was first used to investigate the impact of unsteady effects
induced by variable aerator speed and time-dependent influent velocity on the hydrodynamics of
the ditch. Subsequently, the CFD model is coupled with the Activated Sludge Model (ASM)-1, a
popular bio-kinetics model, to provide a unique study that allow analysis of the hydrodynamics
on the spatial and temporal distribution of the ASM-1 components, and ultimately the
performance of the ditch. Simultaneously, two 1-D models were developed to determine extent
which simplified models can be utilized. Lastly, a two-phase (wastewater-sludge) 3-D CFD

vii

model was developed to explore the effects of sludge stratification on the hydrodynamics and the
temporal evolution and spatial distribution of ASM-1 components in the ditch.
While the influent velocity does not greatly affect the hydrodynamics in the oxidation
ditch, the aerator speed has a major impact on the hydrodynamics in the 3-D model.
Additionally, the hydrodynamics in the oxidation ditch are mostly steady except for about an
hour after adjusting the aerator speed. Due to the simplification of the flow, the 1-D model of the
oxidation ditch was not able to predict spatial heterogeneities in dissolved oxygen observed in
the 3-D model. As a result, the 1-D model was not able to predict comparable steady-state
volume averaged concentration of soluble nitrate nitrite nitrogen (𝑆𝑁𝑂) to the 3-D model.
However, it did predict steady-state volume averaged concentration values of the other ASM-1
components in good agreement with the 3-D model.
Furthermore, soluble ammonia ammonium nitrogen (𝑆𝑁𝐻) and soluble nitrate nitrite
nitrogen (𝑆𝑁𝑂) were found to be more sensitive to changes to the volumetric mass transfer
coefficient, 𝐾𝐿𝑎 than readily biodegradable substrate (𝑆𝑆) in both models. Finally, sludge
stratification in the ditch had minimal impact on the mean flow spatial patterns and thus, the
temporal evolution and spatial distribution of ASM-1 components. This was due to the small
sludge volume fraction of the water-sludge mixture entering the ditch (0.004), relative (for
example) to sludge volume fractions found in previous computational studies (0.02).
.

viii

Chapter 1: Introduction
At the United Nations (UN) Sustainable Development Summit in September 2015, the 17
Sustainable Development Goals of the 2030 Agenda for Sustainable Development were adopted.
The sixth sustainable goal is to ensure that everyone has access to water and sanitation.
According to the UN (2015), more than 80% of the wastewater produced from anthropogenic
activities is discharged to surface water without any treatment to prevent pollution. Additionally,
at least 1.8 billion people globally use a source of water that is contaminated with fecal matter.
Furthermore, nearly 1000 children die daily due to preventable water and sanitation diseases.
Wastewater treatment prevents the contamination of drinking water sources which
improves water quality, thereby protecting aquatic life and human health. The goal of wastewater
treatment is to remove suspended and floatable solids, treat biodegradable organics, eliminate
pathogens, remove nutrients - nitrogen and phosphorous, and identify and remove toxic
compounds and emerging chemicals of concern. To accomplish the goals of wastewater
treatment, wastewater treatment facilities (WWTF) use physical, chemical, and biological unit
processes to remove pollutants and restore wastewater to a quality that is harmless. Based on the
pollutants in the wastewater and the level of removal required, different unit processes are
combined together to form the treatment train of the wastewater treatment facility.
1.1 Biological Treatment
In wastewater treatment, biological unit processes utilize microorganisms to remove
pollutants from wastewater. There are two types of biological treatment: (1) suspended-growth –
microorganisms and wastewater are combined to form mixed liquor and (2) attached-growth –
1

microorganisms are attached to a medium and wastewater flows over the medium. The most
commonly used biological unit process is the activated-sludge process, a suspended-growth
process where the mixed liquor is aerated.
1.2 Aeration Methods
Aeration provides oxygen to the microorganisms, agitates the mixed liquor to bring the
microorganisms in contact with the pollutants in the wastewater to be removed, and circulates
the mixed liquor around the oxidation ditch. Aeration accounts for up to 70 % of the total energy
costs of a wastewater treatment facility (Fayolle et al. 2007). There are two methods for
providing aeration (Jenkins 2014):


Mechanical/Surface aeration is divided into two broad categories based on their physical
configuration, horizontal shaft and vertical shaft. Both types facilitate oxygen transfer by
splashing mixed liquor into the air as illustrated in Figure 1.1. The splashing of
wastewater droplets allows for an increased water surface area to come in contact with
the ambient air, thereby increasing the transfer of oxygen into the water relative to the
transfer that occurs through an unperturbed water surface. As a result of surface aeration,
there is a high dissolved oxygen concentration at the surface of the ditch but low oxygen
concentration at the bottom. The oxidation ditch in this research is equipped with vertical
shaft surface aerators similar to Figure 1.2.



Diffused aeration can be achieved via coarse bubble diffusers, fine-pore diffusers, and jet
aeration. Diffusers at the bottom of the reactor transfer oxygen to the wastewater through
the release air bubbles (Figure 1.3).

2

1.3 Oxidation Ditch
The oxidation ditch is a biological unit treatment process that utilizes microorganisms to
remove organic matter and nitrogen from wastewater. It is a type of activated sludge process
with long solids retention time. The configuration of a typical oxidation ditch is a round, oval or
horse-shoe reactor with a single channel or multi-channels. The ditch is equipped with aerators
that agitate the mixed liquor to bring the microorganisms in contact with dissolved oxygen and
pollutants, and circulate the mixed liquor around the channels. With diffused aeration, the
oxidation ditch can be characterized by three phases: sewage (liquid), sludge (solid) and air (gas)
in the form of air bubbles. While, with mechanical aeration, the type of aeration used in this
research, air bubbles are entrained from the surface into the mixture, however, these bubbles are
only active at the surface where they are engulfed by the mixed liquor so the oxygen carried by
the bubbles rapidly dissolves in the liquor. Thus, the flow in a surface aerated oxidation ditch
may be considered as sewage-sludge (two-phase) flow carrying dissolved oxygen.
The schematic in Figure 1.3 shows the oxidation ditch and clarifier components in a
WWTF. After preliminary treatment, the wastewater flows into the oxidation ditch. Aerobic
conditions occur near the aerators, while anoxic conditions occur away from the aerators. In the
aerobic zone, chemoheterotrophs, microorganisms that obtain energy from organic carbon,
remove organic matter. Chemolithotrophs, microorganisms that obtain energy from inorganic
carbon, perform the first step in nitrogen removal, nitrification which is the biological oxidation
of ammonium (NH4+ ) to nitrate (NO−
3 ). Under anoxic conditions, facultative chemoheterotrophs
use the chemically-bound oxygen in nitrate as an oxygen source to perform the final step of
nitrogen removal, denitrification. The wastewater exiting the oxidation ditch flows to the
clarifier. The clarifier serves three purposes: (1) it allows the sludge to settle and thickens the
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solids that rest at the bottom, (2) it allows clarified wastewater to flow to the next unit process in
the treatment train, and (3) it collects microbes with good settling properties (Tchobanoglous et
al. 2003). The sludge which includes the settled microbes collected at the bottom of the clarifier
can be wasted or returned to the oxidation ditch. Waste activated sludge or WAS is the sludge
that is sent to solids management, while return activated sludge or RAS is the sludge returned to
the oxidation ditch to increase the amount of microorganisms in the ditch.
1.4 Computational Fluid Dynamics
CFD is a field of study that combines physics, numerical mathematics and computer
science to solve fluid flow problems numerically. With the advent of computer technology, CFD
is commonly used to model hydrodynamics. In wastewater treatment, the efficiency of the
treatment process depends on the hydrodynamics of the reactor (Yang et al. 2011). Hence, CFD
has been used in wastewater treatment for analysis, design, optimization and evaluation of unit
processes such as the oxidation ditch and clarifier (Xie et al. 2014, Rehman 2016, Alvarado et al.
2012, Fan et al. 2010, Huang et al. 2013, Lei and Ni 2014, Yang et al. 2010). This research
involves CFD analysis of the hydrodynamics coupled with the bio-kinetics in a full-scale
oxidation ditch.
1.4.1 Governing Equations
Flow phenomena is governed by the continuity equation - conservation of mass, three
Navier-Stokes equations for conservation of momentum in three dimensions and the
conservation of energy. While, the scalar advection-diffusion equation governs the transport of
scalars or dissolved species present in the fluid such as dissolved oxygen. For most flow
problems, the partial differential equations governing the transport of mass, momentum, energy
and scalars cannot be solved analytically because the equations are three - dimensional, strongly
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coupled and nonlinear. However, with CFD, algebraic equations resulting from the numerical
approximation of the governing flow and scalar transport equations are solved on the computer
or several computers working in parallel. The solution yields velocity, pressure and scalar
concentrations at the vertices or cell centers of the grid discretizing the flow domain.
There are three computational approaches for solving fluid flow problems: (1) Direct
Numerical Simulation (DNS), (2) Large Eddy Simulation (LES) and (3) Reynolds-Averaged
Navier-Stokes (RANS) simulation (RANSS) (Blazek 2005).
Turbulent flows such as those found in an oxidation ditch are characterized by a wide
range of variations in the length and time scales. Resolving all turbulent scales with DNS is
computationally intensive since finer meshes and smaller time steps are required to solve for the
flow variables. Instead, turbulent flows are most often simulated with LES or RANSS. LES
solves for the spatially filtered Navier-Stokes equations. Large eddies are directly resolved, and
the effects of eddies smaller than the mesh grid size are modeled through a subgrid-scale stress
appearing in the LES momentum equations (Pope 2000). In RANSS, the time-averaged or
ensemble-averaged Navier-Stokes equations are solved for the mean component of the flow and
the turbulent scales, represented by the Reynolds stress tensor appearing in the averaged
momentum equations, are modeled via a turbulence model. The time or ensemble - averaging
operation produces the Reynolds stress tensor in the RANS equations in terms of unresolved
turbulent fluctuations leading to what is often referred to as a closure problem. The Reynolds
stress is modeled with a turbulence model often involving an eddy or turbulent viscosity. This
work used RANSS with the standard eddy viscosity-based k-epsilon (𝑘 − 𝜀) two-equation
turbulence model. The Reynolds-averaged continuity, Navier Stokes and scalar advection-
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diffusion equations are presented in Section 3.1 (Governing Flow and Scalar Transport
Equations).
1.5 Objective of Research
Wastewater treatment is a dynamic process with variations in the influent flow rate,
influent concentration of pollutants, and aerator speed. Due to daily fluctuations, steady state
models are limited to derive optimal operating conditions; hence, dynamic models are needed to
account for the variations (Yang et al. 2011). Prior research (discussed in Chapter 2: Literature
Review) simulated oxidation ditches with steady influent conditions and fixed aerator speeds.
This research used a 3-D, single-phase CFD model to investigate the unsteady flow effects of
variable aerator speed and time-dependent influent velocity on the hydraulic performance of an
oxidation ditch modeled after one of the ditches at the Valrico Advanced Wastewater Treatment
Facility, in Dover, Florida. Results are presented in Chapter 3.
Modeling the oxidation ditch requires combining hydrodynamics, oxygen mass transfer
and bio-kinetics to study the treatment performance of the ditch. The degradation of pollutants in
the oxidation ditch depends on the interactions between the pollutants and the activated sludge
(Zhang et al. 2010). Hydrodynamics directly influences these complex interactions. Furthermore,
hydrodynamics play a vital role in the efficiency of the biological pollution removal reactions
(Le Moullec et al. 2008). In Chapter 4, a 3-D, single-phase CFD model that coupled
hydrodynamics with the bio-kinetics activated sludge model, ASM-1 (Henze et al. 2000), was
developed to examine the spatial and temporal distribution of ASM-1 components. Running
simulations with a 3-D model can be computational expensive. However, simplifying the
computational domain can reduce the expense but there is a trade-off with solution accuracy.
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This work developed two 1-D models of the oxidation ditch using different numerical methods to
determine if the simplified models can replicate the treatment performance of the 3-D model.
The flow patterns in the oxidation ditch are complex and the velocity distribution is
inhomogeneous (Huang et al. 2013), and the activated sludge may settle in regions with lower
vertical velocity. Since, the density of sludge is greater than water, the flow is subjected to
density stratification (i.e. density spatial variations). Stratification can modify the hydrodynamics
in the ditch and reduce its efficiency to remove pollutants from the wastewater. In Chapter 5, a
two-phase (wastewater-sludge) CFD model of the oxidation ditch that coupled hydrodynamics
and ASM-1 was developed to study how sludge stratification affects the hydrodynamics and the
temporal evolution and spatial distribution of ASM-1 components in the ditch.
1.6 Contributions to the Field
Wastewater treatment process simulators are commonly used to simulate the physical,
chemical and biological unit processes at the facility. However, most simulators represent the
hydrodynamics in the reactors as spatially homogeneous. This simplified representation of the
hydrodynamics can lead to misrepresentation and often complete neglect of important local flow
behavior and its impact on the chemical and biological processes as shown in this work.
According to Alex (1999) and Rehman (2016), researchers using process simulators typically
adjust the bio-kinetic parameters to fit their models to experimental data, sometimes incorrectly
accounting for discrepancies due to simplified hydrodynamics through these parameters.
However, they should correctly model the hydrodynamics to achieve a well-fitted model.
While, the CFD model in this research cannot be used directly to inform plant operators
in real time, it can be used to develop or better inform reduced order process simulator models
which can be used in real time to manage the plant. For example, the CFD model in this research
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may be used to develop a compartmentalization of the oxidation ditch domain for improved
representation of the hydrodynamics in reduced order models (Rehman 2016). CFD models like
the one developed in this work can also be used to improve plant design prior to construction.
Using a CFD-ASM-1 model prior to construction would prevent the facility from being “overdesigned” to ensure proper wastewater treatment while incurring excessive operational costs.
It is well documented that the hydrodynamics affects the biological processes in a reactor
and hence, its treatment performance (Le Moullec et. al 2008). However, limited studies have
provided full details on how the hydrodynamics affects the biological processes, in particular, the
ASM-1 components. There are very few studies with CFD models coupling hydrodynamics with
ASM-1 or any bio-kinetics model (Climent et al. 2018, Rehman 2016, Lei and Ni 2014, and Le
Moullec et al. 2010). As such, this is the third study with a CFD-ASM-1 model of an oxidation
ditch and the first study to compare 1-D and 3-D CFD models of a full scale oxidation ditch
coupled with ASM-1. This will allow for a clear identification of the benefits of 3-D CFD,
despite its computational expense. Furthermore, the 3-D CFD model will provide a complete
picture of the impact of the hydrodynamics on the ASM- bio-kinetics, which is typically
unfeasible via plant measurements. Although no comparison with field data was performed in the
current study, several other researchers have already shown the capability of CFD to accurately
model the hydrodynamics in wastewater treatment systems (Rehman 2016, Lei and Ni 2014, Xie
et al 2014, Fan et al. 2010 and Brannock 2003).

8

Figure 1.1 Vertical shaft surface aerator facilitating oxygen transfer from the air to the liquid.
The moving impellers of the aerator splash water into the air causing oxygen to be entrained into
the water. There is a high oxygen concentration at the surface of the ditch but low concentration
at the bottom. The arrows show the local fluid flow.

Figure 1.2 Vertical shaft surface aerator at a wastewater treatment facility. Photo © WesTech
Engineering LLC 2021, used with permission.

Figure 1.3 Diffused aeration facilitating oxygen transfer to the liquid. Diffusers at the bottom of
the reactor release air bubbles (the white circles in the sketch) and oxygen is transferred from the
bubbles into the mixed liquor. The arrows show the flow of the bubbles.

9

Figure 1.4 Schematic of oxidation ditch and clarifier components in WWTP. After preliminary
treatment, the wastewater flows into the oxidation ditch. Removal of organic matter and nitrogen
occurs in the ditch. The clarifier allows clarified wastewater to flow to the next treatment process
and settles the sludge and microbes. Waste activated sludge is sent to solids management and
return activated sludge is returned to the oxidation ditch to increase the amount of
microorganisms in the ditch.
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Chapter 2: Literature Review
Most previous CFD studies of the oxidation ditch used a single liquid phase to represent
the wastewater and sludge (suspended solids) without incorporating the buoyancy effects of the
sludge nor its settling velocity (Huang et al 2013, Yang et al. 2011, Liu et al. 2014, Li et al.
2012). However, exclusion of the buoyancy effects of sludge may lead to over-predicting the
degree of mixing (Samstag et al. 2012). Additional buoyancy effects are due to rising bubbles,
especially in the case of bottom aeration (Liu et al. 2014).
Xie et al. (2014) modeled the sewage-sludge combination using the mixture model in
ANSYS Fluent (2013) which incorporates a slip velocity in the vertical direction momentum
equation to account for sludge settling. Xie et al. (2014) investigated the influence of the flow on
the distribution of sludge in a full-scale, carrousel ditch equipped with horizontal axis surface
aerators and submerged impellers. Fan et al. (2010) simulated the sludge as rigid spheres with
negligible interactions between the particles to study the effect of aerator speed on sludge
distribution in a lab-scale oval-shaped ditch equipped with vertical axis surface aerators.
To study the treatment performance of the oxidation ditch, the hydrodynamics are
coupled with a bio-kinetics model to investigate how the hydrodynamics influence the biological
reactions in the ditch. Hydrodynamics and bio-kinetics are coupled using scalar transport
equations tracking the concentrations of the components of the bio-kinetics model (Glover et al.
2006). The most common bio-kinetics model used is Activated Sludge Model (ASM)-1. ASM-1
is the first of a series of models developed to simulate the biological reactions in activated sludge
systems. Compared to the other models, ASM-1 is considered the simplest since it uses the least
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kinetic processes and parameters to describe carbon oxidation, nitrification and denitrification.
Its simplicity makes coupling with CFD more tractable than the other ASM models. Rehman
(2016) studied the impact of local hydrodynamics on the biological performance of a full-scale
oxidation ditch equipped with horizontal axis surface aerators using different operating
conditions – two aerators on vs four aerators on. Lei and Ni (2014) developed a multiphase CFD
model with three phases: liquid (sewage), gas (bubbles) and pseudo-solid (sludge) and dissolved
oxygen as a species in the liquid phase. Their CFD model was coupled with ASM-1 to simulate
carbon oxidation, nitrification and denitrification in a pilot scale oxidation ditch equipped with
diffusers and surface aerators.
Sludge recirculation and wasting are process control methods used to maintain the
microorganism population in the oxidation ditch to ensure efficient treatment (Tchobanoglous et
al. 2003). Stamou (1997) implemented sludge recirculation and wasting in a 1-D model of the
oxidation ditch. 1-D scalar advection-diffusion equations with source terms for the bio-chemical
reactions for each of the 13 ASM-1 components were solved to predict their temporal and spatial
distribution in the ditch. Lei and Ni (2014) also incorporated sludge recirculation and wasting in
their simulations.
Oxidation ditches are equipped with mechanical aerators to agitate and circulate the
mixed liquor in the ditch and provide oxygen to the microorganisms. Oxygen has low solubility,
hence the rate of oxygen transfer from the gas to liquid phase via the normal surface air-water
interface does not provide sufficient oxygen to support the microbial activity in the oxidation
ditch. Therefore, aeration methods are implemented to enhance the rate of oxygen transfer to
provide adequate dissolved oxygen for the microorganisms in the ditch. Stamou (1997) and Lei
and Ni (2014) incorporated oxygen mass transfer as a source term for the production of dissolved
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oxygen in the CFD-ASM simulations. Bhuyar et al. (2009) designed and performed experiments
with high efficiency curved blade surface mechanical aerators with various blade tip angles and
calculated the overall oxygen mass transfer coefficient for each experiment to determine optimal
aeration efficiency. A three-dimensional, single phase, steady, and incompressible CFD model
making use of the standard 𝑘 − 𝜀 turbulence model was developed to determine the correlation
between the overall oxygen mass transfer coefficients calculated experimentally and computed
from the model. Bhuyar et al. (2009) presented two equations that described the relationship
between the oxygen mass transfer coefficient and power of the aerator based on the speed of the
aerator in rpm (revolutions per minute), the ratio of depth of immersion to diameter of the aerator
and blade tip angle in degrees.
In addition to accurate representation of fluid phases and bio-kinetics, the CFD model
requires accurate representation of the momentum imparted by the aerator blades (Huang et al.
2013, Liu et al. 2014). Huang et al. (2013) used CFD to simulate single phase flow in an
oxidation ditch aerated with one surface aerator and compared three numerical approaches for
representing the momentum imparted by the aerator on the flow: (1) momentum source term, (2)
multiple reference frame and (3) sliding mesh.
In the sliding mesh approach, the local mesh region containing the aerator is made to
rotate like the actual aerator. Instead of rotating or sliding the mesh in the zones containing the
surface aerators, the multiple reference frame method keeps the aerators and their corresponding
mesh zones “frozen” while accounting for the effect of their rotation through the addition of the
Coriolis force term in the momentum equations within these zones. Hence, the multiple reference
frame method is popularly known as the “frozen rotor method”. In the momentum source term
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approach, the aerators are not modeled directly, but rather the momentum they impart on the
flow is represented through a source term in the momentum equations.
Although Huang et al. (2013) concluded that the momentum source term approach can be
more accurate than the other approaches; the momentum source term approach requires physical
experiments for development and validation of the source term parameters. Liu et al. (2014)
modeled the aerators in their work using the multiple reference frame and sliding mesh approach,
with the former used to initialize the flow field and sliding mesh was used to compute a transient
solution. Liu et al. (2014) performed unsteady simulations with a two-phase (gas-liquid) model
to investigate the relationship between the size of the impeller radius and the flow field structure
in a carrousel oxidation ditch.
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Chapter 3: Single Phase Model
This chapter focuses on understanding the hydrodynamics in the ditch. A 3-D, singlephase CFD model with water representing the mixed liquor in the ditch was used to investigate
the unsteady flow effects due to time-varying influent velocity and variable aerator angular
speeds on the hydraulic performance of the ditch.
3.1 Governing Equations and Solution Methodology
Flow in an oxidation ditch is turbulent. Therefore, this work used the Reynolds-averaged
continuity, Navier-Stokes and scalar advection-diffusion equations for incompressible flow.
Reynolds-averaging decomposes the turbulent flow variables into their time or ensembledaveraged and fluctuating components and time-averages the equations to solve for the mean
components. The standard k-epsilon model with standard wall-functions provided turbulence
closure (Wilcox 1994).
The incompressible Reynolds-averaged continuity equation (Pope 2000) is:
𝜕𝑢̅𝑖
=0
𝜕𝑥𝑖

(3.1)

The incompressible Reynolds-averaged momentum equations (Pope 2000) are:
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(3.2)

The incompressible Reynolds-averaged scalar advection-diffusion transport equation (Wilcox
1994) is:
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(3.3)
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where 𝑢̅𝑖 is the mean fluid velocity, 𝑥𝑖 represent the three spatial directions, 𝑡 is time, 𝑝̅ is the
′ ′
̅̅̅̅̅̅
mean pressure, 𝜌 is the constant density of water, 𝑣 is the kinematic viscosity, −𝑢
𝑖 𝑢𝑗 is the

Reynolds stress accounting for the effects of the unresolved turbulence on the mean flow, 𝑢𝑖′ are
the unresolved turbulent velocity fluctuations, 𝑔 is the gravitational acceleration constant, and
𝛿𝑖2 is Kronecker’s delta (taking gravity to point in negative 𝑥2 direction). Furthermore, 𝐶̅ is the
mean concentration of any species (i.e. tracer) transported by the liquid flow, 𝜅 is the molecular
diffusion coefficient of the species in the liquid, ̅̅̅̅̅
𝐶′𝑢𝑖′ is the turbulent scalar flux that represents
the turbulent transport of the scalar in the 𝑥𝑖 direction, and 𝑆 is the source term for the production
or consumption of the species mass.
Reynolds-averaging the Navier-Stokes equations results in the Reynolds stress in the
momentum equation and the turbulent scalar flux in the scalar advection-diffusion equation. The
Reynolds stress and the turbulent scalar flux account for the influence of the unresolved turbulent
fluctuations on the mean flow velocity components and the mean species concentration. The
Reynolds stress and the turbulent scalar flux are unknowns that must be modeled with a
turbulence model to close the system of governing flow and transport equations. In this research,
closure for the Reynolds stress is obtained as:
− ̅̅̅̅̅̅
𝑢𝑖′ 𝑢𝑗′ = 𝑣𝑡 (

𝜕𝑢̅𝑖 𝜕𝑢̅𝑗
+
)
𝜕𝑥𝑗
𝜕𝑥𝑖

(3.4)

and closure for the turbulent scalar flux as:
𝜕𝐶̅
̅̅̅̅̅
𝐶′𝑢𝑗′ = 𝜅𝑡
𝜕𝑥𝑖

(3.5)

through the k-epsilon model with standard wall-functions (Wilcox 1994). Reynolds stress and
turbulent scalar flux are modeled in terms of eddy viscosity, 𝑣𝑡 and eddy diffusivity, 𝜅𝑡 ,
respectively. The eddy viscosity is calculated via the k-epsilon turbulence model. The eddy
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diffusivity is taken as the eddy viscosity divided by the turbulent Schmidt number of 0.7
(Wilcox, 1994). There is no universally accepted value for the turbulent Schmidt number
because the value depends on the local flow characteristics (Tominaga and Stathopoulos 2007).
However, the common value used in CFD models of wastewater treatment processes is 0.7
(Rehman 2016, Le Moullec et al. 2008 and Brannock 2003). As a result, this work also used 0.7
which is the default value in ANSYS Fluent (2013).
The equations for the standard k-epsilon model (Wilcox 1994) are shown below. The
eddy viscosity equation is:
𝐶𝜇 𝑘 2
𝑣𝑡 =
𝜀

(3.6)

The turbulence kinetic energy (𝑘) transport equation is
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The turbulence dissipation rate (𝜀) transport equation is:
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(3.8)

with the closure coefficients 𝐶𝜀1 = 1.44, 𝐶𝜀2 = 1.92, 𝐶𝜇 = 0.09, 𝜎𝑘 = 1, 𝜎𝜀 = 1.3 (Wilcox
1994).
The CFD model was developed using the popular ANSYS Fluent (2013) framework. The
solution method selected for the finite volume spatial discretization of the momentum and
turbulence transport equations was second order upwind. These equations were solved along
with the continuity equation.
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3.2 Computational Domain, Grid and Boundary Conditions
The initial computational domain and mesh for this research used the Fluent CFD model
developed in Pirasaci et al. (2017) to investigate steady state flow and dissolved oxygen
distribution in one of the oxidation ditches at the Valrico Advanced Wastewater Treatment
Facility in Dover, Florida. In the original work of Pirasaci et al. (2017), dissolved oxygen was
treated as one of the phases in a sewage-oxygen-air volume of fluid (VoF) multiphase model.
However, oxygen had the same density and viscosity as the sewage to represent that it was
dissolved. Oxygen was supplied to the water through a thin layer of air at the top of the domain.
The oxidation ditch is equipped with two identical vertical axis surface aerators which are
used to drive the flow in the ditch and facilitate the transfer of oxygen into the ditch. The front
aerator is across from the inlet and the back aerator is on the opposite end of the ditch (Figure
3.1). This full-scale ditch is 241 ft. long, 61 ft. wide and 16.58 ft. deep. The computational
domain shown in Figure (3.1) was discretized with an unstructured mesh comprised of 1.5
million grid points. The model has a velocity inlet, pressure outlet and zero shear stress at the
free surface treated as a rigid lid. The motion of the aerators was simulated with the multiple
reference frame method implemented in ANSYS Fluent (2013).
3.3 Results
3.3.1 Converged Steady State Solution
Prior to running the unsteady simulations, a converged, steady-state solution of the CFD
model was obtained. The steady-state solution was converged starting from an existing steady
flow field from Pirasaci et al. (2017) with the constant influent velocity of 0.018 m/s. The front
aerator and back aerator was set to 32 rpm and 26.5 rpm, respectively. After 75,000 iterations
and 20 hours of clock time with 32 processors on CIRCE, the high performance computing
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cluster at the University of South Florida, a converged, steady-state solution for the CFD model
was obtained. The convergence took this many iterations because the starting flow field obtained
from Pirasaci et al. (2017) had been calculated without a turbulence model. Furthermore, the
starting flow field had been obtained with the VoF multiphase approach described earlier rather
than a single phase approach governed by the Reynolds-averaged continuity and momentum
equations in Equations (1) and (2). The residuals of the continuity, momentum and k-epsilon
model equations (see ANSYS Fluent (2013) for definition) were monitored to determine
convergence. The convergence criteria was for all residuals to fall below 10−3 for the
conservation of mass (continuity), Navier-Stokes (momentum), scalar advection-diffusion and
the k-epsilon model equations (ANSYS Fluent 2013).
The steady state solution obtained can be seen in Figure 3.2 in terms of the flow speed
distribution at the surface of the ditch and streamlines emanating from the front aerator. The
streamlines reveal a complex flow pattern characterized by path-lines swirling around the
aerator. Figure 3.2a shows that the flow speeds around both aerators reached values greater than
1.17 m/s which are much larger than the influent velocity of 0.018 m/s. Thus, it can be concluded
that the velocity magnitudes and distribution are primarily set by the motion of the aerators and
not the influent velocity.
3.3.2 Unsteady Flow Effect: Time-varying Influent Velocity
The steady state solution described in the previous sub-section was used to begin the
unsteady simulation with time-varying influent velocity. The unsteady influent velocity was
obtained by finding a best fit polynomial for influent flow rate plant data collected by
Hillsborough County every 5 minutes for 24 hours in January 2016. The best fit polynomial was
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6th order. Figure 3.3 shows the time-series of the influent velocity used for the unsteady
simulation.
The unsteady simulation ran from 𝑡 = 0 to 𝑡 = 9 hrs. with time step of 1 sec. Both
aerators were kept constant at the angular speeds described earlier. During the 9 hour simulation
period, the lowest influent velocity occurred at 𝑡 = 2 hrs. and the highest at 𝑡 = 9 hrs. (Figure
3.3). The influent velocity at 𝑡 = 9 hrs. (0.03427 m/s) was three times the influent velocity at
𝑡 = 2 hrs. (0.01128 m/s). However, the instantaneous snapshots of the flow speed distributions
on the vertical plane 11 ft. from the inlet at 𝑡 = 2 hrs. and 𝑡 = 9 hrs. were nearly identical
(Figure 3.4). The flow speed observed in the vertical plane 11 ft. from the inlet were of the same
magnitude. At 𝑡 = 2 hrs., the range of the velocity was 0 – 1.01391 m/s, while at 𝑡 = 9 hrs., the
velocity range was 0 – 1.01476 m/s (Table 3.1).
It can be concluded that gradual changes in the influent velocity throughout the daily
operational cycle in the plant do not greatly affect the flow speed. Changes to the flow can alter
the residence time characteristics, however, from this result, it can be concluded that the influent
velocity would not significantly affect the residence time characteristics of the ditch. Timedependent influent rates could affect the concentration of the pollutants and biomass entering the
ditch which should have an impact on the biological processes in the ditch and should be
investigated in future simulations.
3.3.3 Unsteady Flow Effect: Variable Aerator Speed
In wastewater treatment, during periods of low flow, the aerators can be turned off or ran
at lower rpm to save on energy costs. At the Valrico Advanced Wastewater Treatment Facility,
the front aerator remains at a constant speed while the back aerator is adjusted during times of
low flow. Two simulations will be compared to investigate the impact of the aerator angular
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speed on the flow field. The first simulation, referred to as the “back aerator on” case, ran from
𝑡 = 0 to 𝑡 = 15 hrs. with influent velocity based on plant data and with front and back aerators
on all times at 32 rpm and 26.5 rpm, respectively. The second simulation, referred to as the
“back aerator off” case, is the same as the “back aerator on” case up to 𝑡 = 9 hrs., then the back
aerator was suddenly turned off at 𝑡 = 9 hrs. and kept off through 𝑡 = 15 hrs. The shutdown of
the back aerator corresponds to the period of decreasing influent velocity between 𝑡 = 9 and 𝑡 =
15 hrs. based on plant data (Figure 3.3). This shutdown is representative of the aerator operation
at the plant with the intent to save on electricity costs at times when the amount of pollutants
flowing into the ditch is dropping.
For both cases, the flow speed was observed on a vertical plane 221 feet from the inlet.
At 𝑡 = 15 hrs., the flow speed for the “back aerator on” case had a range of 0 – 1.0850 m/s,
while the “back aerator off” had a range of 0 – 0.3114 m/s (Table 3.2). Figure 3.5, panels b. and
c. provide visualization of the flow speed distribution in the vertical plane 221 feet from the inlet
with back aerator on and back aerator off, respectively. It can be seen that the case with back
aerator on had significantly higher fluid velocities than the case with back aerator off. Hence, it
was concluded that aerator speed affects the hydraulic performance and should ultimately impact
the biological processes in the oxidation ditch. The latter effect will be investigated in Chapter 4
once ASM-1 is incorporated into the CFD model.
3.3.4 Duration of Unsteady Flow Effects
Turning off the aerators suddenly produced unsteady flow effects in the ditch. In order to
determine the typical duration of unsteady effects, an unsteady simulation was repeated from 𝑡 =
0 to 𝑡 = 15 hrs. while tracking the time dependence of velocity at four locations near the back
aerator when this aerator is suddenly turned off from 𝑡 = 10.8 hrs. (~11 hrs.) to 𝑡 = 15 hrs.
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The front aerator ran at 32 rpm all times, while the back aerator ran at 26.5 rpm from 𝑡 = 0 hrs.
to 𝑡 = 10.8 hrs. and 0 rpm from 𝑡 = 10.8 hrs. to 𝑡 = 15 hrs. The influent for the simulation was
again taken based on plant data (Figure 3.3).
The velocity magnitude was monitored at four locations near the back aerator (Figure
3.6a). Point 1 (blue), point 2 (green), and point 3 (black) were at the depth of the inlet and point 4
(red) was 1.8 ft. from the bottom of the oxidation ditch. Based on the time-series of the velocity
at each point (Figure 3.6 b – d), the fluid speeds were near constant prior to the shutdown of the
back aerator. After turning off the back aerator, there was a transient in the velocity characterized
by decreasing values for 0.5 hours at point 1, 0.6 hours at point 2, 1 hour at point 3 and 0.9 hours
at point 4 before the velocities become nearly constant again.
These results suggest that simulations of the ditch can be conducted with the steady
computational solver throughout the majority of the daily operational cycle except for periods
when the speeds of the aerators are adjusted. During these times, the simulations should be run in
unsteady mode in order to resolve transients such as those observed in Figure 3.6. This
realization is significant since simulations of daily cycles of the ditch can be conducted in the
steady solution mode with modest computational cost relative to the unsteady solution mode.
3.3.5 Residence Time Analysis
The previous simulations showed that the aerator speed changes the flow distribution in
the oxidation ditch. In turn, changes to the flow can alter the residence time characteristics and
ultimately the treatment performance of the ditch. To understand the effect of the aerator speed
on mean residence time, two steady flow cases with constant influent velocity of 0.018 m/s were
explored. Both cases had a constant front aerator speed of 32 rpm. For the first case, referred to
as “back aerator on”, the back aerator was on at a constant speed of 26.5 rpm. While, for the
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second case, referred to as “back aerator off”, the back aerator was off (0 rpm). These two cases
represent the maximum and minimum operating speeds of the back aerator during a typical
operating daily cycle of the oxidation ditch at the Valrico Advanced Wastewater Treatment
Facility. The real operation of the back aerators at the plant is between these two extreme cases.
Thus, the residence time analysis of these two steady flow cases provide the upper and lower
bounds of the hydraulic efficiency of the oxidation ditch throughout the unsteady flow
operational cycle of the real ditch.
Figure 3.7 shows the flow speed at the surface of the oxidation ditch for the two steady
flow cases. As expected, appreciable slower speeds can be seen at the back of the ditch in the
“back aerator off” case in contrast to the case with back aerator on.
Residence time analysis was performed for both steady flow cases by releasing a pulse of
non-reacting tracer with mass fraction of 1 from the inlet for 10 seconds. The tracer mass
fraction was solved for via the advection-diffusion transport equation as in Equation 3.3 with
source term (𝑆) set to zero, and mass fraction was monitored at the outlet as a function of time.
The finite volume spatial discretization and transient formulation of the transport equations were
first order upwind and first order implicit, respectively. For the case with back aerator on, Figure
3.8 shows instantaneous snapshots of the tracer mass fraction on a horizontal plane at the depth
of the inlet, as the bulk of the tracer circles around the ditch during the first 6 minutes after the
tracer was released. From Figure 3.8, it may be seen that it takes about 6 minutes for the bulk of
the tracer to circle around the ditch once. Panel a. of Figure 3.9 shows the time-series of the
tracer mass fraction at the outlet of the ditch for both flows simulated for the first 3 hours after
the tracer had been released. Panel b. of Figure 3.9 shows the time-series between 3 hours and
144 hours (6 days). The peaks exhibited in the time-series in Figure 3.9a correspond to each time
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the bulk of the tracer circulates the ditch and passes the outlet. In other words, these peaks
correspond to the time it takes for the bulk of tracer to circle once around the ditch. The time
between the peaks in Figure 3.9a is about 0.1 hrs. (6 mins.) which is consistent with the
snapshots of the tracer mass fraction shown in Figure 3.8 for the case with back aerator on.
During the first 1.5 hours, the peaks in the time series are damped as the tracer becomes
homogeneous in the ditch due to turbulence induced by the aerators. As time progressed, the
tracer mass fraction decreased due to dilution and loss of tracer mass through the outlet of the
ditch.
The time-series of the tracer concentration at the outlet, 𝐶(𝑡) (Figure 3.9) was used to
calculate the mean residence time (see Appendix B). The mean residence time for the case with
back aerator on was 42 hrs., while the mean residence time for the case with back aerator off was
48 hrs. The case with back aerator on had greater turbulence causing the tracer to be mixed at a
faster rate allowing the oxidation ditch to behave closer to a completely mixed reactor
corresponding to the theoretical residence time of 34 hours of the ditch. Additionally, the longterm decay was faster in the flow with the back aerator on as observed in Figure 3.9b. These
results indicate that aerator speed can have an impact on mean residence time.
3.4 Mesh Refinement Study
This research planned to validate the single-phase CFD model with velocity
measurements taken from various locations in the physical oxidation ditch at the Valrico
Advanced Wastewater Treatment Facility. However, that was not possible due to the coronavirus
pandemic which started in 2020. In the absence of these measurements or experimental data, a
mesh refinement study was conducted to verify that the solution for the problem was
independent of the mesh size.
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The study used the computational domain developed in Pirasaci et al. (2017) but not the
mesh. Two new meshes: (1) coarse (1.5 million grid points) and (2) refined (4.1 million grid
points) were generated to ensure the meshes followed identical patterns of local refinement in the
aerator regions. Figure 3.10 shows the coarse and refined meshes around the front aerator. Each
mesh is characterized by local refinement within the circular aerator region and around the
blades of the aerator. The coarse mesh was comparable in terms of the number of grid points to
the mesh in Pirasaci et al. (2017), which was used for the simulations discussed in the previous
sub-sections. The converged steady-state solutions for both meshes were obtained to compare the
flow speed and turbulent kinetic energy (TKE) on horizontal planes at three different depths: top
(free surface), middle and bottom (2 ft. from the bottom of the ditch). For both cases, the mixed
liquor in the ditch was represented by water. These simulations used the same influent velocity
and aerator speeds as the “back aerator on” case described in the previous sub-section.
Figure 3.11 shows the flow speed contours, while the TKE contours are shown in Figure
3.12. Both the flow speed and TKE values decreased with depth. The coarse case had lower flow
speed and TKE values than the refined case. However, the differences between the cases were
not significant and both cases had similar trends. While, a decreased grid size improves the
accuracy of the solution, it also increases the computational expense. Incorporating ASM-1into
the CFD model requires the solution of 12 additional transport equations, so to reduce
computational costs the coarse mesh was used in subsequent simulations described in the
following chapters.
3.5 Conclusion
Time-varying influent velocity and variable aerator speed may lead to unsteady flow
behavior that can significantly affect the residence time characteristics of the ditch. It was
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concluded that the hydrodynamics and hence, the residence time characteristics of the oxidation
ditch are significantly impacted by the aerator speed and not the influent velocity. Additionally,
changing the aerator speed resulted in transient conditions in the ditch, which lasted about an
hour. This result is important since it showed that, in the future, simulations of the
hydrodynamics during the daily operational cycle of the ditch may be conducted using a steady
solver at a reduced computational cost relative to an unsteady solver for the majority of the time
except for the relatively short times (on the order of an hour or less) after adjusting the speed of
the aerators.

Figure 3.1 Computational domain of the oxidation ditch. The oxidation ditch is 241 ft. long, 61
ft. wide and 16.58 ft. deep and equipped with two identical vertical axis surface aerators located
at the front and back ends of the ditch, respectively. The surface aerators were simulated with the
multiple reference frame method in ANSYS Fluent (2013). The insert provides a close-up of the
front aerator. The modeled ditch represents one of the oxidation ditches at the Valrico Advanced
Wastewater Treatment Facility located in Dover, Florida. With permission from ASCE.
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Figure 3.2 Steady state solution and streamlines. (a) Steady state flow speed distribution (in
m/s) at the surface of the ditch in steady state flow and (b) streamlines emanating from the front
aerator.

Figure 3.3 Time series of unsteady influent velocity (solid curve) of one of the oxidation ditches
at the Valrico Wastewater Treatment Facility. The unsteady time series is a best fit polynomial
through influent flow rate plant data taken by Hillsborough County every 5 minutes for 24 hours
in January 2016. The dashed curve denotes the constant influent velocity of 0.018 m/s used to
obtain the steady state CFD solution to serve as the initial condition for the CFD unsteady
simulation with influent velocity following the time series based on plant data (solid curve).
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Table 3.1 Comparison of the flow speed on a vertical plane 11 feet from the inlet at 𝑡 = 2 hrs.
and 𝑡 = 9 hrs. The influent velocity at 𝑡 = 9 hrs. (0.03427 m/s) was three times the influent
velocity at 𝑡 = 2 hrs. (0.01128 m/s). However, the flow speed on the vertical plane 11 feet from
inlet at 𝑡 = 2 hrs. and 𝑡 = 9 hrs. were of the same magnitude.

Figure 3.4 Visualization of flow speed at 𝑡 = 2 hrs. and 𝑡 = 9 hrs. on vertical plane 11 feet
from inlet. Panel a. shows the location of the vertical plane 11 feet from the inlet in relation to
the ditch. Panels b. and c. show flow speed distributions (in m/s) on the vertical plane 11 ft. from
the inlet at 𝑡 = 2 hrs. and at 𝑡 = 9 hrs., respectively, for unsteady flow driven by time-varying
influent.
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Table 3.2 Comparing the flow speed at 𝑡 = 15 hrs. in the unsteady simulation with both
aerators on all times 𝑡 = 0 to 𝑡 = 15 hrs. (back aerator on) and with front aerator on all times
and back aerator turned off between 𝑡 = 9 and 𝑡 = 15 hrs. (back aerator off). In both cases the
front aerator was on for all times at 32 rpm. The flow speed observed at 𝑡 = 15 hrs. on the
vertical plane 221 feet from the inlet with back aerator on had a range 0 – 1.0850 m/s and back
aerator off had a range of 0 – 0.3114 m/s.
Cases
Back Aerator On
Back Aerator Off
26.5
0
Revs per Min (RPM)
Flow Speed Range in
0 – 1.0850 m/s
0 – 0.3114 m/s
Vertical Plane 221 feet from
Inlet

Figure 3.5 Visualization of flow speed at 𝑡 = 15 hours on vertical plane 221 feet from inlet
with back aerator on (Panel b) and back aerator off (Panel c). Panel a. shows the vertical plane
221 feet from the inlet relative to the ditch. With permission from ASCE.
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Figure 3.6 Monitoring velocity magnitude at four locations near the back aerator. Panel a.
shows where the fluid velocity was monitored during the flow with the back aerator on (26.5
rpm) for the first 2 hours of the simulation and off (0 rpm) for the remainder of the simulation (4
hours). Panels b. – d. are the time series of the fluid velocity at each point. The fluid speed was
constant with the aerator on (prior to 10.8 hrs.). After turning off the back aerator, there was
unsteady flow as the flow speeds monitored dropped for 0.5 hours – 1 hour before the fluid speed
returned to near constant values.
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Figure 3.7 Flow speed at the surface of the oxidation ditch for steady flow cases. a. Flow speed
distribution on the surface of the ditch in steady state flow with both aerators on. b. Flow speed
distribution on the surface of the ditch in steady state flow with front aerator on and back aerator
off. The location of the front aerator is denoted with a 1 and the location of the back aerator is
denoted with a 2. With permission from ASCE.
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Figure 3.8 Instantaneous snap shots of tracer mass fraction contours on the horizontal plane at
the level of the inlet during the first 6 minutes after the tracer was released from the inlet for the
flow with both front and back aerators on (i.e. flow with back aerator on). With permission from
ASCE.
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Figure 3.9 Time-series of the tracer mass fraction recorded at the outlet in steady flow cases: (1)
flow with back aerator on and (2) flow with back aerator off. Panel a. shows the time series for
the first 3 hours after the tracer was released. Panel b. shows the time series between 3 hours and
144 hours (6 days) after the tracer was released. With permission from ASCE.

Figure 3.10 Local mesh refinement in the front aerator region of the coarse and refined
mesh cases.
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Figure 3.11 Contours of flow speed distribution on horizontal planes at three different depths:
top (free surface), middle and bottom (2 ft. from the bottom of the ditch). For both cases, the
flow speeds decreased with depth. The differences between the cases were insignificant.
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Figure 3.12 Contours of turbulent kinetic energy (TKE) on horizontal planes at three different
depths: top (free surface), middle and bottom (2 ft. from the bottom of the ditch). The TKE
values decreased with depth. The coarse case had lower values than the refined case but the
differences between the cases were minor.
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Chapter 4: Bio-kinetics Model - Activated Sludge Model (ASM)-1
Modeling the oxidation ditch with CFD can be computationally expensive. However,
using a simplified model can reduce the expense. A 1-D model of an oxidation ditch can reduce
the computational expense, but there could be a significant tradeoff in solution accuracy, given
that the 1-D model relies on a plug flow representation of the hydrodynamics. As such, this
research sought to address how well a 1-D model can approximate the treatment performance of
a full-scale oxidation ditch as modeled via 3-D CFD. Both models incorporate the bio-kinetics
model, ASM-1, however the 1-D model represents the hydrodynamics through constant fluid
velocity and dispersion coefficient, thus any differences in the treatment performance should be
due to the hydrodynamics.
Although ASM-1 has been previously integrated with CFD (Rehman 2016, Lei and Ni
2014, Le Moullec et al. 2010 and Climent et al. 2018), the present study marks the first time that
a 1-D model coupled with ASM-1, which is typically used when modeling wastewater treatment
unit processes, has been compared to a 3-D model also coupled with ASM-1. Assessment of the
performance of the 1-D model relative to the 3-D model will highlight the benefit of employing
3-D CFD, despite its computational expense. Furthermore, the CFD-ASM-1 model developed
will be used to provide a unique study of the influence of the hydrodynamics on the spatial and
temporal distribution of the ASM-1 components, and ultimately the performance of the ditch
4.1 Activated Sludge Model (ASM) – 1
ASM-1 uses 13 components, 8 kinetic processes, 5 stoichiometric parameters and 14
kinetic parameters to simulate the activated sludge processes - carbon oxidation, nitrification and
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denitrification (Henze et al. 2000). Only 12 of the components were incorporated into the model
since the total alkalinity component, 𝑆𝐴𝐿𝐾 was outside the scope of this research. Each of the 12
components were tracked through the Reynolds-averaged scalar advection-diffusion transport
equations with source terms for the bio-chemical reactions. These transport equations solved for
the spatial and temporal concentration of each component. The source term for each component
(Table 4.3) is derived by identifying the kinetic processes that affect the component (Table 4.4)
and then multiplying the process rate for the kinetic processes (Table 4.1) by their respective
stoichiometric and kinetic parameters (Table 4.2). The source term is positive if the component is
produced and negative if it is consumed.
4.1.1 Understanding the Relationship between the Components and Kinetic Processes
In wastewater, there are more particulate biodegradable substrate than soluble
biodegradable (Rittmann and McCarty 2001). However, microorganisms are unable to degrade
particles. The particles must be hydrolyzed into smaller molecules that can be transported across
the microorganisms’ cell membrane. Hydrolysis of entrapped organics converts slowly
biodegradable substrate (𝑋𝑠 ) to readily biodegradable substrate (𝑆𝑠 ). While, hydrolysis of
entrapped organic nitrogen produces soluble organic nitrogen (𝑆𝑁𝐷 ) from particulate
biodegradable organic nitrogen (𝑋𝑁𝐷 ). Then, ammonification of soluble organic nitrogen
converts soluble organic nitrogen (𝑆𝑁𝐷 ) to soluble ammonium ammonia nitrogen (𝑆𝑁𝐻 ). 𝑆𝑁𝐻 is
essential for the growth of the microorganisms. With carbon oxidation, aerobic active
heterotrophic biomass consumes readily biodegradable substrate (𝑆𝑆 ), dissolved oxygen (𝑆𝑂 ) and
soluble ammonium ammonia nitrogen (𝑆𝑁𝐻 ) to produce active heterotrophic biomass (𝑋𝐵,𝐻 ).
Nitrification occurs in regions with relatively high levels of dissolved oxygen where
active autotrophic biomass (𝑋𝐵𝐴 ) consumes dissolved oxygen (𝑆𝑂 ) and soluble ammonium
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ammonia nitrogen (𝑆𝑁𝐻 ) to produce soluble nitrate nitrite nitrogen (𝑆𝑁𝑂 ) and active autotrophic
biomass (𝑋𝐵𝐴 ). In regions with relatively low levels of dissolved oxygen, denitrification occurs
where anoxic active heterotrophic biomass uses readily biodegradable substrate (𝑆𝑆 ), soluble
nitrate nitrite nitrogen (𝑆𝑁𝑂 ) and soluble ammonium ammonia nitrogen (𝑆𝑁𝐻 ) to produce active
heterotrophic biomass (𝑋𝐵𝐻 ). According to Mihelcic and Zimmerman (2014), the dissolved
oxygen levels should be more than 0.5 mg/l for nitrification to occur and as low as 0.1 – 0.2 mg/l
for denitrification.
Active heterotrophic and autotrophic biomass decay to form particulate products from
biomass decay (𝑋𝑃 ), slowly biodegradable substrate (𝑋𝑆 ) and particulate biodegradable organic
nitrogen (𝑋𝑁𝐷 ). Soluble inert organic matter (𝑆𝐼 ) and particulate inert organic matter (𝑋𝐼 ) are not
involved in any of the 8 kinetic processes. However, they are important when evaluating the
performance of the treatment process since 𝑆𝐼 adds to the effluent COD and 𝑋𝐼 contributes to the
volatile suspended solids in the oxidation ditch (Henze et al. 2000).
4.2 Governing Equations and Solution Methodology
4.2.1 3-D Model
This work used the 3-D single-phase model discussed in Chapter 3. The governing
equations for the hydrodynamics were the Reynolds-averaged continuity, and Navier-Stokes
equations for incompressible flow. The standard k-epsilon model with standard wall-functions
provided turbulence closure (Wilcox 1994). These equations were presented in subsection 3.1
(Governing Flow Equations). Each of the 12 ASM-1 components was simulated using the
Reynolds-averaged scalar advection-diffusion-reaction transport equation with respective source
(reaction) terms for the bio-chemical reactions described by ASM-1 bio-kinetic processes. This
transport equation was solved to obtain the spatial and temporal concentration of each
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component. The incompressible Reynolds-averaged scalar advection-diffusion-reaction transport
equation (Wilcox 1994) is:
̅̅̅̅̅𝑖′ )
𝜕𝐶̅
𝜕𝐶̅
𝜕 2 𝐶̅ 𝜕(𝐶′𝑢
+ 𝑢̅𝑖
=𝜅
+
+𝑆
𝜕𝑡
𝜕𝑥𝑖
𝜕𝑥𝑖
𝜕𝑥𝑖2

(4.1)

where 𝐶̅ is the mean concentration of any species (i.e. any ASM-1 component) transported by the
liquid flow, 𝜅 is the molecular diffusion coefficient of the species in the liquid, ̅̅̅̅̅
𝐶′𝑢𝑖′ is the
turbulent scalar flux that represents the turbulent transport of the scalar in the 𝑥𝑖 direction, and 𝑆
is the source term for the production or consumption of the species mass.
Reynolds-averaging the scalar advection-diffusion equation results in the turbulent scalar
flux. The turbulent scalar flux accounts for the influence of the unresolved turbulent fluctuations
on the mean species concentration. The turbulent scalar flux is an unknown that must be modeled
with a turbulence model to close the system of governing flow and transport equations. In this
research, closure for the turbulent scalar flux is obtained as:
𝜕𝐶̅
̅̅̅̅̅
𝐶′𝑢𝑗′ = 𝜅𝑡
𝜕𝑥𝑖

(4.2)

through the k-epsilon model with standard wall-functions (Wilcox 1994). The turbulent scalar
flux is modeled in terms of eddy diffusivity, 𝜅𝑡 . The eddy diffusivity is taken as the eddy
viscosity, which is calculated via the k-epsilon turbulence model divided by the turbulent
Schmidt number of 0.7 (Wilcox, 1994). As mentioned in subsection 3.1 Governing Equations
and Solution Methodology, the turbulent Schmidt number (Sct) was set to the default value of 0.7
in ANSYS Fluent (2013).
In Fluent, the solution method selected for the finite volume spatial discretization of the
momentum and turbulence transport equations was first order upwind. These equations along
with the continuity equation were solved to obtain a steady flow solution. The scalar transport
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equations for the ASM-1 components, advected by the steady state flow, were subsequently
solved using the finite volume method with second order accurate upwinding and first order
accurate implicit time integration.
4.2.2 1-D Model
In the 1-D model, the flow velocity is prescribed as constant. The advection-dispersionreaction transport equation (Wilcox 1994) used to simulate the concentration of the 12 ASM-1
components is:
𝜕𝐶
𝜕𝐶
𝜕 2𝐶
+𝑢
=𝐷 2 +𝑆
𝜕𝑡
𝜕𝑧
𝜕𝑧

(4.3)

where 𝐶 is the concentration of the species, 𝑧 is the direction of the flow, 𝑢 is the constant
average velocity in the ditch, 𝐷 is the constant dispersion coefficient and 𝑆 is the source term for
the production or consumption of the species mass based on ASM-1 bio-kinetics.
In the original version of the 1-D model, denoted as 1-D model A, the finite volume
spatial discretization and transient formulation of the transport equations were second order
upwind and first order implicit, respectively, identical to the 3-D model. A second version of the
1-D model (1-D model B) was developed employing first order explicit time integration and with
spatial derivatives in the finite volume method approximated with 2nd order accurate central
finite differences (i.e. without upwinding). The purpose was to determine if differences in 1-D
model predictions due to the different numerical discretization could be as significant as the
differences induced by the different representation of the hydrodynamics in the 3-D and 1-D
models. A detailed description of the 1-D model B discretization is available in Appendix C.
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4.3 Computational Domain and Boundary Conditions
4.3.1 3-D Model
The computational domain and boundary conditions for the 3-D model was discussed in
subsection 3.2 Computational Domain, Grid and Boundary Conditions. The walls, the outlet and
the rigid-lid top surface were characterized by zero normal flux of the ASM components. The
concentration of each of the ASM components at the oxidation ditch inlet was prescribed
following the recirculation approach described in subsection 4.4.
4.3.2 1-D Models
The 1-D computational domain was discretized with 20 control volumes with control
volumes 2 and 12 containing the aerators, as shown in Figure 4.1. This model was created
following a similar model developed by Stamou (1997). The length of the model is 482 ft. long,
representing the total distance around the 3-D ditch. The cross-sectional area of the 1-D model is
480.82 ft2, the same cross-sectional area as the straight channels of the 3-D model. The
circulation of the wastewater (or mixed liquor) around the ditch in the 1-D model was
represented through periodicity in the stream-wise direction. As such, the 1-D model did not
have an inflow and an outflow, with both represented through source terms in the advectiondiffusion-reaction ASM-1 equations. The source term representing the inlet was activated in
control volume 1 and the source term representing the outlet was activated in control volume 16.
In Fluent, the walls of the 1-D model were specified as zero shear (free-slip) walls resulting in a
uniform velocity profile and characterized by zero normal flux of the ASM components. A
dynamic body force in the stream-wise momentum equation was specified to drive the flow with
prescribed constant velocity, 𝑢.
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4.4 Sludge Recirculation with ASM-1
Sludge recirculation and wasting are process control methods used to maintain the
microorganism population in the oxidation ditch to ensure efficient treatment performance
(Tchobanoglous et al. 2003). These process control methods were incorporated into the models
through a time-dependent inlet boundary condition in which the concentration of the particulate
ASM components at the inlet depended on their concentrations at the outlet. Stamou (1997) and
Lei and Ni (2014) implemented the same approach to incorporate sludge recirculation and
wasting in their simulations.
In the present study, in the 3-D and 1-D models, the rate of recirculation and wasting of
the particulate components depended on the sum of the concentrations of the particulate
components at the outlet of the ditch. It was assumed that the clarifier following the ditch was
perfect; no particulates were present in its effluent. 100% of the particulate components leaving
the oxidation ditch were either recirculated to the inlet or removed from the system via wasting
as shown in the schematic of recirculation in the ditch (Figure 4.2) and through the following
relation:
(𝑄 + 𝑅)𝑋𝑡𝑜𝑡𝑎𝑙 = 𝑆𝐿𝑅 + 𝑆𝐿𝑊

(4.4)

where 𝑄 is the influent flow rate, 𝑅 is the recirculation flow rate, 𝑋𝑡𝑜𝑡𝑎𝑙 is the sum of the
concentrations of the particulate components at the outlet, 𝑆𝐿𝑅 is the rate of sludge recirculation
and 𝑆𝐿𝑊 is the rate of sludge wasting. Solving for SLR,
𝑆𝐿𝑅 = (𝑄 + 𝑅)𝑋𝑡𝑜𝑡𝑎𝑙 − 𝑆𝐿𝑊

(4.5)

The rate of sludge recirculation for each individual particulate component, 𝑆𝐿𝑅𝑖 was:
𝑖
𝑋𝑒𝑥
𝑆𝐿𝑅𝑖 = 𝑆𝐿𝑅
𝑋𝑡𝑜𝑡𝑎𝑙

(4.6)

𝑖
where 𝑋𝑒𝑥
is the concentration of an individual particulate component at the outlet of the ditch.
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The rate of sludge wasting depended on the sludge retention time (SRT) and the mixed
liquor suspended solids (MLSS) concentration. Wasting based on MLSS only occurred if the
total concentration of the particulates at the outlet was greater than a pre-set value of 4500 mg/l.
The rate of sludge wasting is:
𝑆𝐿𝑊 = 𝑋𝑡𝑜𝑡𝑎𝑙 𝑉/𝑆𝑅𝑇𝑠𝑒𝑡 + max(0, (𝑄 + 𝑅) ∙ (𝑋𝑡𝑜𝑡𝑎𝑙 − 𝑋𝑠𝑒𝑡 ))

(4.7)

where 𝑉 is the volume of oxidation ditch, 𝑆𝑅𝑇𝑠𝑒𝑡 is the solids retention time, and 𝑋𝑠𝑒𝑡 is the preset value for the mixed liquor suspended solids concentration in the oxidation ditch. Therefore,
the concentration of individual particulate components entering the oxidation ditch
∗

𝑖
𝑖
𝑋𝑖𝑛
depended on the concentration of the component in the influent, 𝑋𝑖𝑛
and the concentration

of the component recirculated from the clarifier was taken as follows:
∗

𝑖
𝑋𝑖𝑛

𝑖
𝑄 ∙ 𝑋𝑖𝑛
+ 𝑆𝐿𝑅𝑖
=
(𝑄 + 𝑅)

(4.8)

For the soluble components except dissolved oxygen, it was assumed that the
concentration of the component leaving the oxidation ditch was recirculated to the inlet and the
loss of soluble components via sludge wasting was negligible. Hence, the concentration of
𝑖
individual soluble components entering the oxidation ditch, 𝑆𝑖𝑛
was taken as:
∗

𝑖
𝑆𝑖𝑛

𝑖
𝑖
𝑄 ∙ 𝑆𝑖𝑛
+ 𝑅 ∙ 𝑆𝑒𝑥
=
(𝑄 + 𝑅)

(4.9)

∗

𝑖
𝑖
where 𝑆𝑖𝑛
is the concentration of an individual soluble component in the influent and 𝑆𝑒𝑥
is the

concentration of an individual soluble component at the outlet.
4.5 Modeling Dissolved Oxygen (DO)
In the field, surface aerators agitate the mixed liquor and entrain oxygen into the ditch.
For the 3-D model, the source term for the production of dissolved oxygen, 𝑆1 is given as:
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𝑆1 = 𝐾𝐿 𝑎 𝛼 (𝑆𝑠𝑎𝑡 − 𝑆𝑂 )

(4.10)

where 𝐾𝐿 𝑎 is the volumetric mass transfer coefficient, 𝛼 is a correction factor - the ratio of
wastewater 𝐾𝐿 𝑎 to clean water 𝐾𝐿 𝑎, 𝑆𝑠𝑎𝑡 is the saturated dissolved oxygen concentration in clean
water at 20℃ and 𝑆𝑂 is the concentration of dissolved oxygen in the liquid phase. For the 1-D
models, the source term for the production of dissolved oxygen, 𝑆1 is given as:
𝑆1 = 𝐾𝐿 𝑎 𝛼 (𝑆𝑠𝑎𝑡 − 𝑆𝑂 )

𝑉𝑎
𝑉𝐶𝑉

(4.11)

where 𝑉𝑎 is the volume of the domain where the source in (4.10) is active in the 3-D model and
𝑉𝐶𝑉 is the volume of the control volume in the 1-D model containing the aerator. Note that in the
3-D model, the dissolved oxygen source 𝐾𝐿 𝑎 𝛼 (𝑆𝑠𝑎𝑡 − 𝑆𝑂 ) is only active over the volumes of
the aerator zones. Recall that in the 3-D model, the ditch is divided into two rotating zones for
the surface aerators, respectively, and one non-moving zone for everywhere else in the ditch,
required for the modeling of the rotating aerators via the multiple reference frame approach.
The value of 𝐾𝐿 𝑎 determines the rate at which dissolved oxygen enters the ditch. Once in
the oxidation ditch, dissolved oxygen is consumed by the aerobes. In ASM-1, dissolved oxygen
is consumed due to aerobic growth of heterotrophs and aerobic growth of autotrophs. The sink
(or negative source) term in ASM-1 for the consumption of dissolved oxygen, 𝑆2 is given as:
𝑆2 = −

1 − 𝑌𝐻
𝑆𝑠
𝑆𝑜
4.57 − 𝑌𝐴
𝑆𝑁𝐻
𝑆𝑜
(𝜇̂ H
𝑋 )−
(𝜇̂ A
𝑋 )
𝑌𝐻
𝐾𝑆 + 𝑆𝑆 𝐾𝑂,𝐻 + 𝑆𝑂 𝐵,𝐻
𝑌𝐴
𝐾𝑁𝐻 + 𝑆𝑁𝐻 𝐾𝑂,𝐴 + 𝑆𝑂 𝐵,𝐴

(4.12)

where 𝑌𝐻 is the heterotrophic yield, 𝜇̂ H is the maximum specific growth rate for heterotrophic
biomass, 𝑆𝑠 is the concentration of readily biodegradable substrate, 𝐾𝑆 is the half saturation
coefficient for heterotrophic biomass, 𝑆𝑜 is the concentration of dissolved oxygen, 𝐾𝑂,𝐻 is the
oxygen half saturation coefficient for heterotrophic biomass, 𝑋𝐵,𝐻 is the concentration of active
heterotrophic biomass, 𝑌𝐴 is autotrophic yield, 𝜇̂ A is the maximum specific growth rate for
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autotrophic biomass, 𝑆𝑁𝐻 is the concentration of soluble ammonium ammonia nitrogen, 𝐾𝑁𝐻 is
the ammonia half saturation coefficient for autotrophic biomass, 𝐾𝑂,𝐴 is the oxygen half
saturation coefficient for autotrophic biomass, and 𝑋𝐵,𝐴 is the concentration of active autotrophic
biomass.
Finally, the overall source term in the advection-diffusion-reaction transport equations
(4.1) and (4.3) for the dissolved oxygen concentration is given as:
𝑆 = 𝑆1 + 𝑆2

(4.13)

4.6 Results
4.6.1 Sensitivity to Hydrodynamic Model Parameters
In this work, the turbulent Schmidt number, Sct, was set to the default value of 0.7 in
ANSYS Fluent (2013). Previous studies with CFD models of wastewater treatment processes
used 0.7 for their analysis (Brannock 2003, Le Moullec et al. 2008 and Rehman 2016). Any
application of CFD requires an analysis of the sensitivity of results to Sct due to the uncertainty
of the value of Sct, but this analysis is computationally expensive. There is uncertainty in the
value of Sct for the ASM-1 components, as is the case for any other scalar (Gualtieri et. al 2017).
Two turbulent Schmidt numbers may be needed; one for the soluble components and another for
the particulates. Hence, a large number of simulations must be conducted to find the best value
of Sct for the respective components relative to experimental data. Thus, experimental data is
needed to verify the validity of the values implemented in the CFD model. In the absence of
experimental data, the common, default value of 0.7 was used in this research. Similar
uncertainty applies to the turbulence model closure coefficients in equations 3.7 and 3.8, as the
values commonly used (Wilcox 1994) have been obtained for canonical turbulent flows which

45

may not be representative of the turbulence regimes characterizing the oxidation ditch in the
present study.
For the 1-D models, a sensitivity analysis with three velocities was conducted to
determine the effect of velocity on the biological processes. The first velocity was
𝑢 = 0.3267781 m s-1, this value represented the velocity in the flow direction and was obtained
from the stream-wise velocity averaged over a vertical plane in the middle of one of the straight
channels of the steady state 3-D CFD model solution. The influent velocity of the 3-D model was
constant at 0.07848684 m s-1 and the aerator speeds were kept constant, the front aerator at 32
revolutions per minute (rpm) and the back aerator at 26.5 rpm, following typical settings at the
Valrico physical ditch. The 1-D model was tested with two other velocities obtained by
increasing and decreasing the first velocity by 0.1 m s-1 (about 30.6%), 𝑢 = 0.4267781 m s-1 and
𝑢 = 0.2267781 m s-1, respectively.
Table 4.5 shows the steady-state volume averaged concentrations of the 12 ASM-1
components. There were no significant differences in the concentrations of the components as u
increased. Soluble nitrate nitrite nitrogen (𝑆𝑁𝑂 ) showed the greatest difference between the
components. The concentration of 𝑆𝑁𝑂 increased by only about 12% when the velocity was
increased from the velocity obtained from the 3-D model. Then, it decreased by 20% when the
velocity was decreased from the 3-D model velocity. Hence, the oxidation ditch treatment
performance predicted by the 1-D model was not seen to depend greatly on the value of the
constant velocity, 𝑢, and ultimately the value of 0.3267781 m s-1 obtained from the 3-D model
was used.
Additionally, the 1-D models had a constant dispersion coefficient of 1 m2 s-1. Socolofsky
and Jirka (2005) provided empirical equations to estimate a range of values for the longitudinal
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dispersion coefficient in rivers. The dispersion coefficient values ranged from 0.59 – 5.49 m2 s-1
based on the width, depth, and bulk velocity, 𝑢 of the ditch. The longitudinal dispersion
equations provided by Socolofsky and Jirka (2005) were obtained for rivers of width much larger
than depth and for straight rivers of width comparable to depth, leading to the 0.59 m2 s-1 and
5.49 m2 s-1 values previously noted, respectively. The oxidation ditch model in Stamou (1997)
used a similar estimate to calculate dispersion, despite the fact that dispersion is dominated by
different mechanisms in oxidation ditches and rivers. In rivers, dispersion is dominated by bed
and bank roughness, whereas in mechanically aerated ditches, dispersion is dominated by the
aerators. Additional uncertainty lies on the fact that roughness (which promotes dispersion) in
rivers is not expected to be the same as in an oxidation ditch. Given the uncertainty of using
empirical equations suitable for rivers to calculate the dispersion coefficient in a 1-D model of an
oxidation ditch, a sensitivity analysis was conducted using three values for D: 0.05, 0.5 and
1 m2 s-1.
Table 4.6 shows the steady-state volume averaged concentrations of the 12 ASM-1
components. There were no significant differences in the concentrations of the components as D
increased. In particular, the concentration of soluble nitrate nitrite nitrogen (𝑆𝑁𝑂 ) increased by
only about 11% when D increased by a factor of 20 from 0.05 to 1 m2 s-1. Hence, the oxidation
ditch treatment performance predicted by the 1-D model was not seen to depend greatly on the
value of the constant dispersion coefficient, 𝐷, and ultimately a value of 1 m2 s-1 , was used for
the comparisons with the 3-D model.
A mesh refinement study was also conducted for the 1-D models where the number of
finite volumes was increased from 20 to 40. Both models at these two resolutions predicted
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comparable results for the concentration of the ASM-1 components averaged over the volume of
the ditch, thus results below are limited to those obtained with 20 finite volumes.
4.6.2 Comparison between 3-D and 1-D Models
The hydrodynamics in the oxidation ditch are mostly steady except for short times after
adjusting the aerator speed (Zhang et al. 2019; also see Chapter 3). Thus, the steady-state flow on
the coarse mesh described in the previous sub-section was used to advect the ASM-1
components in the 3-D model. The ASM-1 component simulations ran for 40 days with a timestep size of 1800 secs for the 3-D and 1-D model A models and 15 secs for the 1-D model B to
obtain a steady-state solution, as the 1-D model B made use of explicit time integration (see
Appendix C) and is constrained by the CFL (Courant-Friedrich-Lewy) condition. The parameter
𝑆𝑅𝑇𝑠𝑒𝑡 , which represents the sludge retention time (SRT) of the ditch, was set to 28 days in
equation (4.7), based on typical conditions of the Valrico ditch. The influent concentration of the
individual ASM-1 components were adopted from Stamou (1997). Those same values were
assigned as the initial concentrations.
4.6.2.1 3-D Model Calibration
The rate at which dissolved oxygen enters the oxidation ditch depends on 𝐾𝐿 𝑎, the
volumetric mass transfer coefficient. 𝐾𝐿 𝑎 is directly proportional to the speed of the aerator. At
Valrico, the operating speed of the back aerator was about 83 % of the front aerator, so the 𝐾𝐿 𝑎
values used for the front and back aerators had the same relationship. Furthermore, 𝐾𝐿 𝑎 values
were not available from the wastewater treatment facility. As a result, the 3-D model in this
study was calibrated to determine the 𝐾𝐿 𝑎 values that predict typical ASM-1 component
concentrations cited in the literature (Stamou, 1997).
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For the first simulation, a constant influent velocity of 0.018 m/s from the original
Pirasaci (2017) model described in Chapter 3 was prescribed. While, the second simulation had a
constant influent velocity of 0.078 m/s following Stamou (1997). Since the mass flow rate of the
pollutants is concentration times flow rate, the second case is characterized by greater amounts
of pollutants entering the ditch. The influent concentrations of the pollutants were the same as
the initial concentrations and were taken from Stamou (1997). For both cases, the recirculation
rate was 40% of the influent rate and the density and viscosity of water was 998.2 kg m-3 and
0.00103 kg m-1 s-1, respectively. Additionally, the aerator speeds were kept constant, the front
aerator at 32 rpm and the back aerator at 26.5 rpm. After obtaining converged steady-state
solutions for the flow, the ASM-1 components were incorporated into the CFD model via scalar
advection diffusion transport equations. The CFD-ASM-1 simulations ran for 40 days to obtain
steady-state solutions for the ASM-1 components.
A higher velocity results in greater mass flow of pollutants entering the ditch, thus in
order to maintain sufficient removal of pollutants, the values of 𝐾𝐿 𝑎 should also be higher. The
influent velocity for the second simulation was about 4 times the influent velocity for the first
simulation and the values of 𝐾𝐿 𝑎 for the second simulation were about 5 times the 𝐾𝐿 𝑎 values in
the first simulation. A lower 𝐾𝐿 𝑎 value means less dissolved oxygen in the ditch so for the first
simulation, the volume averaged concentration of dissolved oxygen was as high as 2.31 mg/l.
While, for the second simulation with the higher 𝐾𝐿 𝑎 values, the volume averaged concentration
of dissolved oxygen was as high as 5.36 mg/l.
Table 4.7 shows the steady-state volume averaged concentration for the 12 ASM-1
components for the two simulations. With the higher influent velocity, the steady-state volume
averaged concentration of soluble ammonium ammonia nitrogen (𝑆𝑁𝐻 ) was lower by 29% and

49

soluble nitrate nitrite nitrogen (𝑆𝑁𝑂 ) was greater by 59%. While, the steady-state volume average
concentration of readily biodegradable substrate (𝑆𝑆 ) was lower by 4%, active heterotrophic
biomass (𝑋𝐵𝐻 ) was greater by 346% and active autotrophic biomass (𝑋𝐵𝐴 ) was greater by 354%.
With aeration accounting for up to 70% of the total energy costs of a wastewater facility
(Fayolle et al. 2007), the least aeration possible is desirable in order to save energy. The first
simulation with the lower influent velocity required lower 𝐾𝐿 𝑎 values, which means less
aeration to attain typical ASM-1 component concentrations cited in the literature (Stamou, 1997).
However, this resulted in much less active heterotrophic and autotrophic biomass in the ditch
than the second simulation with the higher influent velocity. Normally, the concentration of the
heterotrophic biomass is on the order of 1000 mg/l (Stamou 1997; personal communication, J.
Cunningham). As a result, to achieve this desired concentration for the biomass, the higher
influent velocity with the higher values of 𝐾𝐿 𝑎 was implemented in the subsequent model
comparison simulations.
4.6.2.2 3-D and 1-D Model Comparison
Case 1 of the model comparison used the constant influent velocity of 0.078 m/s and 𝐾𝐿 𝑎
values for the front and back aerators of 1.152 s-1 and 0.954 s-1, respectively from the 3-D model
calibration. These values resulted in the steady state value of about 2 mg/l for the concentration
of dissolved oxygen in the aerator regions. This value is representative of the typically measured
values of dissolved oxygen at the Valrico oxidation ditch.
Figure 4.3 shows the time series of the concentration of the 12 ASM-1 components
averaged over the volume of the ditch in the three models for case 1. The steady state values of
component 6, soluble nitrate nitrite nitrogen (𝑆𝑁𝑂 ), shows the most significant differences
between the models. Although the 1-D model was not able to predict comparable steady-state
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volume averaged concentration of 𝑆𝑁𝑂 to the 3-D model, it did predict concentration values of
the other ASM-1 components in good agreement with the 3-D model. Furthermore, the
difference between the 1-D models, especially in terms of 𝑆𝑁𝑂 , was less pronounced than the
difference between the 3-D and 1-D models. This implies that errors in the 1-D models due to
their simplification of the hydrodynamics are more significant than discrepancies due to their
different numerical discretizations.
Overall, the time series of 𝑆𝑁𝑂 concentration shows that during the first 10 to 12 days, the
concentration was near 0 mg/l because there was insufficient autotrophic biomass in the ditch for
nitrification to occur. As the autotrophic biomass increased, the 𝑆𝑁𝑂 concentration increased due
to nitrification. The 𝑆𝑁𝑂 concentration reached a maximum, then decreased before becoming
steady. Denitrification was responsible for the decrease in the 𝑆𝑁𝑂 concentration.
The treatment performance predicted by the models was evaluated based on the steadystate volume averaged concentration of the pollutants: 𝑆𝑆 : readily biodegradable substrate, 𝑆𝑁𝐻 :
soluble ammonium ammonia nitrogen and 𝑆𝑁𝑂 : soluble nitrate nitrite nitrogen. The steady state
values for the 1-D models were compared to the 3-D model (Table 4.8). For case 1, the
concentration of 𝑆𝑆 for the 1-D model B was 8% less than the 3-D model, while the 1-D model A
was 12% less. For the concentration of 𝑆𝑁𝐻 , the 1-D model A was 40 % less and the 1-D model
B was 41% less when compared to the 3-D model. The disparity in 𝑆𝑁𝑂 between the 1-D and 3-D
models was much more significant. The 1-D model B was 172% more and the 1-D model A was
228% more than the 3-D model for 𝑆𝑁𝑂 .
The high concentrations of 𝑆𝑁𝑂 in the 1-D models relative to the 3-D model indicates that
denitrification was inhibited in the 1-D models. As noted earlier, the removal of nitrogen in the
oxidation ditch requires regions of high dissolved oxygen for nitrification to occur and regions of
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low dissolved oxygen for denitrification to occur. Thus, differences between the models in
volume averaged 𝑆𝑁𝑂 concentration may be attributed to differences in dissolved oxygen
concentration.
The time series of the concentration of dissolved oxygen averaged over the volume of the
ditch in Figure 4.3 shows minor differences between the three models and the steady state values
are close (Table 4.8). However, the spatial distribution of dissolved oxygen in Figure 4.4 shows a
greater difference between the 3-D and 1-D models due to the models’ different hydrodynamics
at various depths: top (free surface), level of aerator, middle and bottom (1 ft. from the bottom of
the ditch). At these different depths, the 3-D model predicted bands of high and low dissolved
oxygen (the latter characterized by oxygen levels below 2 × 10−4 kg m-3) that were not captured
by the 1-D models (Figure 4.4), leading the 1-D models to under-predict the denitrification
process.
Additionally, Figure 4.5a shows the spatial distribution of dissolved oxygen along the
length of the ditch for the 1-D models at 40 days. The models had a similar spatial distribution;
however, the 1-D model B had regions with lower dissolved oxygen than the 1-D model A,
which is conducive for denitrification, thereby explaining the lower steady state value of 𝑆𝑁𝑂 in
model B (Figure 4.3). Figure 4.5b has an analogous plot of dissolved oxygen profiles for the 3-D
model along the straight channels to the left and right of the center wall at the level of the
aerator. The 3-D model had broader regions with relatively low dissolved oxygen (lower than
1 × 10−4 − 2 × 10−4 kg m-3) compared to the 1-D models, which facilitated denitrification and
as a result, the 3-D model had the lowest concentration of soluble nitrate nitrite nitrogen (𝑆𝑁𝑂 ).
Since the concentration of 𝑆𝑁𝑂 was high in the 1-D models for case 1, for case 2, the 𝐾𝐿 𝑎
values were reduced. The front aerator was reduced to 1.024 s-1 and the back aerator was reduced
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to 0.848 s-1. When compared to the 3-D model, the concentration of 𝑆𝑆 was 54.5% and 50.9%
less for 1-D model A and B, respectively. For the concentration of 𝑆𝑁𝐻 , the 1-D model A was
88.5% less and model B was 87.8% less than the 3-D model. Again, 𝑆𝑁𝑂 showed the greatest
difference between the models. The 1-D model A was 1344% more and the 1-D model B was
541.8% more than the 3-D model for 𝑆𝑁𝑂 .
At these lower 𝐾𝐿 𝑎 values, the treatment performance predicted by the 3-D model
deteriorated, while the performance predicted by the 1-D models improved. In the 3-D model,
there was not sufficient oxygen for nitrification to occur so the concentration of 𝑆𝑁𝐻 was higher
than case 1, while the concentration of 𝑆𝑁𝑂 was lower. The nitrogen species (𝑆𝑁𝐻 and 𝑆𝑁𝑂 ) were
very sensitive to the changes of the 𝐾𝐿 𝑎 values, unlike the readily biodegradable substrate, 𝑆𝑆 .
Assuming that the 3-D model is the more accurate model, the previous results showed that the
𝐾𝐿 𝑎 values for the 1-D models had to be calibrated to account for their simplified representation
of the hydrodynamics. Additionally, the results from this case show that the 1-D models can be
misleading, inaccurately predicting a good performance of the ditch for a particular value of the
mass transfer coefficient, whereof in reality the performance should be poor as per the 3-D
model.
4.6.2.3 Impact of Hydrodynamics on Treatment Performance
Results from the previous subsection show that the ASM-1 kinetic processes are
controlled by the concentration of dissolved oxygen. Thus the spatial distribution of dissolved
oxygen set by the hydrodynamics is crucial in determining the treatment performance of the
oxidation ditch. An example of how the hydrodynamics directly influence the spatial distribution
of dissolved oxygen can be seen in Figure 4.6. Figure 4.6a shows velocity vectors color coded by
magnitude at the level of the aerator. The high speed jet emanating from the front aerator that is
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rotating counterclockwise in Figure 4.6a transports high concentrations of dissolved oxygen
towards the wall and right channel of the oxidation ditch (Figure 4.6b). That high concentration
of dissolved oxygen at the wall gave rise to the peak concentration of dissolved oxygen (dashed
line) observed in Figure 4.5b at location 0 in the right channel. Additionally, the low
concentrations of dissolved oxygen observed on the left side of the front aerator in Figure 4.6b
corresponded to the low dissolved oxygen concentrations shown near location 0 by the solid line
in Figure 4.5b for the left channel.
Furthermore, the spatial distribution of dissolved oxygen is well correlated with the
spatial distribution of soluble ammonium ammonia nitrogen, 𝑆𝑁𝐻 . Recall, in regions with high
dissolved oxygen concentrations, nitrification occurs where autotrophic biomass converts
ammonia to nitrate. Therefore, regions with high concentrations of dissolved oxygen coincided
with regions with low concentrations of 𝑆𝑁𝐻 and vice versa, as can be seen in Figure 4.7.
Overall, the results of Figures 4.6 and 4.7 show the vital role that the hydrodynamics play
in determining the efficiency of the pollution removal reactions, as noted by Le Moullec et al.
(2008). These results demonstrate that the flow field and dissolved oxygen concentration profiles
are two important factors that affect the operating condition of the oxidation ditch as typically
noted in the literature (Yang et al. 2011). Although the importance of the hydrodynamics in
determining wastewater treatment performance has often been recognized in the literature, the
current results enabled via integration of CFD with ASM-1, provide a detailed (complete) picture
of how the flow influences the dissolved oxygen distribution and the pollutant removal processes
via activated sludge.
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4.7 Conclusion
Modeling a full-scale oxidation ditch can be computationally expensive because of its
size and complexity since it requires combining hydrodynamics, oxygen mass transfer and biokinetics. Researchers may consider simplifying the computational domain from 3-D to 1-D to
reduce expense. Assuming the 3-D model is representative of the ditch in the field, the goal of
the research was to determine if a1-D model could predict comparable treatment performance as
the 3-D model.
At the higher 𝐾𝐿 𝑎 values tested, the 1-D models had high levels of dissolved oxygen
which inhibited denitrification, leading to high concentrations of soluble nitrate nitrite nitrogen
(𝑆𝑁𝑂 ), but the 3-D model predicted typical ASM-1 component concentrations cited in the
literature (Stamou, 1997). While, at the lower 𝐾𝐿 𝑎 values, the 1-D models predicted typical
ASM-1 component concentrations cited in the literature (Stamou, 1997), but the 3-D model did
not have sufficient dissolved oxygen to facilitate nitrification so the steady state value of soluble
ammonium ammonia nitrogen (𝑆𝑁𝐻 ) was higher than desired. Due to the over-simplification of
the hydrodynamics, the 1-D model could not reproduce the complex spatial distribution of
dissolved oxygen predicted by the 3-D model that promotes denitrification and hence, in terms of
𝑆𝑁𝑂 , the 1-D model could not predict comparable treatment performance as the 3-D model.
Despite this discrepancy, the steady-state volume averaged concentrations of the other ASM-1
components were in good agreement with the 3-D model. Furthermore, the swirling flow around
the aerators play an important role in determining the spatial distribution of dissolved oxygen.
However, this flow pattern cannot be represented in the 1-D model. Additionally, unlike the
nitrogen species (𝑆𝑁𝐻 and 𝑆𝑁𝑂 ), readily biodegradable substrate (𝑆𝑆 ) was not as sensitive to the
changes to the 𝐾𝐿 𝑎 values and in turn, the spatial distribution of dissolved oxygen.
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The present results demonstrate the importance of capturing heterogeneities in the
dissolved oxygen distribution induced by the 3-D turbulent hydrodynamics of the oxidation
ditch. Although the 1-D models investigated in this research were not capable of reproducing the
complex hydrodynamics of the oxidation ditch, it is important to continue exploring other
models that may capture the hydrodynamics more accurately, while incurring less computational
expense than the 3-D CFD model coupled with ASM-1 (Rehman 2016).
Table 4.1 Description of the 8 ASM-1 processes and their process rates used for carbon
oxidation, nitrification and denitrification (Henze et al. 2000).
Processes
Process Rate
𝑆𝑠
𝑆𝑜
Aerobic Growth of
𝜌1 = 𝜇̂ H
𝑋𝐵,𝐻
𝐾
+
𝑆
𝐾
Heterotrophs
𝑆
𝑆
𝑂,𝐻 + 𝑆𝑂
𝑆𝑠
𝐾𝑂,𝐻
𝑆𝑁𝑂
Anoxic Growth of
𝜌2 = 𝜇̂ H
𝜂𝑔 𝑋𝐵,𝐻
𝐾
+
𝑆
𝐾
+
𝑆
𝐾
Heterotrophs
𝑆
𝑆
𝑂,𝐻
𝑂
𝑁𝑂 + 𝑆𝑁𝑂
𝑆𝑁𝐻
𝑆𝑜
Aerobic Growth of
𝜌3 = 𝜇̂ A
𝑋𝐵,𝐴
𝐾
+
𝑆
𝐾
Autotrophs
𝑁𝐻
𝑁𝐻
𝑂,𝐴 + 𝑆𝑂
𝜌4 = 𝑏𝐻 𝑋𝐵,𝐻
Decay of Heterotrophs
𝜌5 = 𝑏𝐴 𝑋𝐵,𝐴
Decay of Autotrophs
Ammonification of
𝜌6 = 𝑘𝑎 𝑆𝑁𝐷 𝑋𝐵,𝐻
soluble organic nitrogen
𝑋𝑠
𝑆𝑜
𝐾𝑂,𝐻
𝑆𝑁𝑂
Hydrolysis of entrapped
𝜌7 = 𝑘ℎ
(
+ 𝜂ℎ
) 𝑋𝐵,𝐻
organics
𝐾𝑋 𝑋𝐵,𝐻 + 𝑋𝑆 𝐾𝑂,𝐻 + 𝑆𝑂
𝐾𝑂,𝐻 + 𝑆𝑂 𝐾𝑁𝑂 + 𝑆𝑁𝑂
𝑋𝑁𝐷
Hydrolysis of entrapped
𝜌8 = 𝜌7
𝑋𝑆
organic nitrogen
Table 4.2 Description and values of ASM-1 stoichiometric and kinetic parameters at 20° 𝐶
(Henze et al. 2000; Lei and Ni 2014). COD – chemical oxygen demand and N – nitrogen.
Stoichiometric Parameters
Unit
Values
−1
0.24
𝑌𝐴 : Autotrophic yield
g(COD) g(COD)
−1
0.67
𝑌𝐻 : Heterotrophic yield
g(COD) g(COD)
Dimensionless
0.08
𝑓𝑝 : Fraction of biomass yielding particulate products
0.086
𝑖𝑋𝐵 : Mass of nitrogen per mass of COD in biomass
g(N) g(COD)−1
0.06
𝑖𝑋𝑃 : Mass of nitrogen per mass of COD in products from
g(N) g(COD)−1
biomass
Kinetic Parameters
6
𝜇̂ H : Maximum specific growth rate for heterotrophic biomass
d−1
−3
20
𝐾𝑆 : Half saturation coefficient for heterotrophic biomass
g(COD) m
−3
0.2
𝐾𝑂,𝐻 : Oxygen half-saturation coefficient for heterotrophic
g(O2 ) m
biomass
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Table 4.2 (Continued)
𝐾𝑁𝑂 : Nitrate half-saturation coefficient for heterotrophic
biomass
𝑏𝐻 : Decay coefficient for heterotrophic biomass
𝜇̂ A : Maximum specific growth rate for autotrophic biomass
𝐾𝑁𝐻 : Ammonia half saturation coefficient for autotrophic
biomass
𝐾𝑂,𝐴 : Oxygen half saturation coefficient for autotrophic
biomass
𝑏𝐴 : Decay coefficient for autotrophic biomass
𝜂𝑔 : Correction factor for anoxic growth of heterotrophs
𝑘𝑎 : Ammonification rate
𝑘ℎ : Maximum specific hydrolysis rate
𝐾𝑋 : Half saturation coefficient for hydrolysis of slowly
biodegradable substrate
𝜂ℎ : Correction factor for anoxic hydrolysis

g(N) m−3

0.5

d−1
d−1
g(N) m−3

0.62
0.8
0.6

g(O2 ) m−3

0.4

d−1
Dimensionless
m3 g(COD)−1 d−1
d−1
g(COD) g(COD)−1

0.05
0.8
0.08
3
0.03

Dimensionless

0.4

Table 4.3 Description of 12 ASM-1 components and their source terms for their corresponding
advection-diffusion transport equations (Henze et al. 2000).
Component
Units
Process Kinetics of Component
−3
None
𝑆𝐼 : Soluble inert organic matter g(COD) m
1
1
𝑆𝑆 : Readily biodegradable
− ∙ 𝜌1 −
∙ 𝜌 + 𝜌7
g(COD) m−3
substrate
𝑌𝐻
𝑌𝐻 2
𝑋𝐼 : Particulate inert organic
None
g(COD) m−3
matter
𝑋𝑆 : Slowly biodegradable
(1 − 𝑓𝑃 ) ∙ 𝜌4 + (1 − 𝑓𝑃 ) ∙ 𝜌5 − 𝜌7
g(COD) m−3
substrate
𝑋𝐵,𝐻 : Active heterotrophic
𝜌1 + 𝜌2 − 𝜌4
g(COD) m−3
biomass
𝑋𝐵,𝐴 : Active autotrophic
𝜌3 − 𝜌5
g(COD) m−3
biomass
𝑋𝑃 : Particulate products from
g(COD) m−3
𝑓𝑃 ∙ 𝜌4 + 𝑓𝑃 ∙ 𝜌5
biomass decay
1 − 𝑌𝐻
4.57 − 𝑌𝐴
𝑆𝑂 : Dissolved Oxygen
−
∙ 𝜌1 −
∙ 𝜌3
g(COD) m−3
𝑌𝐻
𝑌𝐴
1 − 𝑌𝐻
1
𝑆𝑁𝑂 : Soluble nitrate nitrite
−
∙ 𝜌2 +
∙ 𝜌
g(N) m−3
nitrogen
2.86𝑌𝐻
𝑌𝐴 3
1
𝑆𝑁𝐻 : Soluble ammonium
−𝑖𝑋𝐵 ∙ 𝜌1 − 𝑖𝑋𝐵 ∙ 𝜌2 − (𝑖𝑋𝐵 + ) ∙ 𝜌3 + 𝜌6
g(N) m−3
ammonia nitrogen
𝑌𝐴
𝑆𝑁𝐷 : Soluble biodegradable
− 𝜌6
g(N) m−3
organic nitrogen
(𝑖𝑋𝐵 − 𝑓𝑃 ∙ 𝑖𝑋𝑃 ) ∙ 𝜌4 + (𝑖𝑋𝐵 − 𝑓𝑃 ∙ 𝑖𝑋𝑃 ) ∙ 𝜌5
𝑋𝑁𝐷 : Particulate biodegradable
g(N) m−3
organic nitrogen
− 𝜌8
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Table 4.4 Description of the components involved in the 8 kinetic processes.
Components Consumed → Components Produced (Dochain and Vanrolleghem 2001)
Processes
Components in Each Process
Hydrolysis of entrapped organics
𝑋𝑆 → 𝑆𝑆
Hydrolysis of entrapped organic nitrogen
𝑋𝑁𝐷 → 𝑆𝑁𝐷
Ammonification of soluble organic nitrogen
𝑆𝑁𝐷 → 𝑆𝑁𝐻
𝑆𝑆 + 𝑆O + 𝑆𝑁𝐻 → 𝑋𝐵,𝐻
Aerobic Growth of Heterotrophs
Anoxic Growth of Heterotrophs
𝑆𝑆 + 𝑆NO + 𝑆𝑁𝐻 → 𝑋𝐵,𝐻
Aerobic Growth of Autotrophs
𝑆𝑂 + 𝑆NH → 𝑋𝐵,𝐴 + 𝑆𝑁𝑂
Decay of Heterotrophs
𝑋𝐵,𝐻 → 𝑋𝑃 + 𝑋𝑆 + 𝑋𝑁𝐷
Decay of Autotrophs
𝑋𝐵,𝐴 → 𝑋𝑃 + 𝑋𝑆 + 𝑋𝑁𝐷

Figure 4.1 Computational domain and mesh (showing 20 control volumes) of the 1-D model of
oxidation ditch.

Figure 4.2 Schematic of recirculation in the oxidation ditch.
Table 4.5 Steady state values in mg/l for the volume-averaged concentration of the ASM-1
components of the 1-D Model A with different velocities, 𝑢 (m s-1).
𝒖 = 0.2267781
𝒖 = 0.3267781
𝒖 = 0.4267781
Xs
19.5
18.5
17.9
Ss
2.27
2.24
2.22
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Table 4.5 (Continued)
Xnd
Snd
Snh
Xbh
Sno
Xba
Xp
So
Si
Xi

1.84
1.0126
0.274
1239.6
11.4
130.16
1205.7
0.422
40.43
1139.8

1.75
1.0127
0.247
1239.3
14.2
131.06
1206.1
0.418
40.30
1139.7

1.69
1.0128
0.235
1239.0
15.9
130.53
1199.2
0.417
40.23
1134.4

Table 4.6 Steady state values in mg/l for the volume averaged concentration of the ASM-1
components of the 1-D Model A using different dispersion coefficients, D (m2 s-1).
D = 0.05 D = 0.5
D=1
Xs
18.93
18.71
18.50
Ss
2.254
2.246
2.239
Xnd
1.79
1.77
1.75
Snd
1.01272
1.01271
1.01273
Snh
0.2509
0.2467
0.2469
Xbh
1239.1
1239.4
1239.3
Sno
12.8
13.5
14.2
Xba
131.04
132.09
131.06
Xp
1206.5
1214.0
1206.1
So
0.44
0.43
0.42
Si
40.29972 40.29971 40.29956
Xi
1140.2
1145.7
1139.7
Table 4.7 Steady state values in mg/l for the volume averaged concentration of the ASM-1
components for the 3-D model calibration.
Case 1
Case 2
0.221 s-1
1.152 s-1
𝐾𝑙 𝑎 Front Aerator
0.183 s-1
0.954 s-1
𝐾𝑙 𝑎 Back Aerator
Influent Velocity
0.018 m s-1
0.078 m s-1
Xs
5.9
23.9
Ss
2.6
2.5
-1
Xnd
2.3
5.635 × 10
Snd
1.0
1.0
Snh
5.737 × 10-1
4.096 × 10-1
Xbh
288.7
1287.6
Sno
2.7
4.3
Xba
29.1
132.1
Xp
259.5
1239.6
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Table 4.7 (Continued)
So
Si
Xi

1.809 × 10-1
40.0
250.0

3.931 × 10-1
40.0
1175.4

Figure 4.3 Time series of the concentration of the 12 ASM-1 components averaged over the
volume of the ditch in the three models. In component 10, please note the concentration range.
Table 4.8 Steady state values in mg/l for the volume averaged concentration of the ASM-1
components for the model comparison cases.
Case 1
Case 2
-1
-1
𝐾𝐿 𝑎 Front Aerator
1.152 s
1.024 s
𝐾𝐿 𝑎 Back Aerator

0.954 s

-1

0.848 s

-1
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Table 4.8 (Continued)

Xbh

3-D
Model
23.9
2.5
2.3
1.0
4.096
× 10-1
1287.6

1-D
Model A
18.5
2.2
1.7
1.0
2.469
× 10-1
1239.3

1-D
Model B
19.3
2.3
1.8
1.0
2.399
× 10-1
1240.3

Sno

4.3

14.2

11.7

Xba
Xp

132.1
1239.6
3.931
× 10-1
40
1175.4

131.1
1206.1
4.184
× 10-1
40.3
1139.7

138.2
1262.6
4.507
× 10-1
40.3
1182.4

Xs
Ss
Xnd
Snd
Snh

So
Si
Xi

3-D
Model
124.2
5.5
11.7
1.0
3.812
1251
2.493
× 10-1
113.2
1225.9
1.763
× 10-1
40
1175.4

1-D
Model A
23.8
2.5
2.2
1.0
4.377
× 10-1
1237

1-D
Model B
28.7
2.7
2.7
1.0
4.666
× 10-1
1237

3.6

1.6

126.8
1204
2.629
× 10-1
40.3
1139.7

134.4
1259.7
2.700
× 10-1
40.3
1182.4

Figure 4.4 Spatial distribution of dissolved oxygen at 40 days for the 3-D model and the 1-D
model A at different depths. Note that in the 1-D model, the concentration is uniform throughout
the depth of the channel as well as over the span-wise extent.
61

Figure 4.5 Spatial distribution of dissolved oxygen along the length of the ditch for the 1-D and
3-D models at 40 days. In the 3-D model, the profiles were taken at the level of the aerators.

Figure 4.6 Understanding the hydrodynamics in the 3-D model. a. Velocity vectors color coded
by magnitude at the level of the aerator. b. Spatial distribution of dissolved oxygen at the level of
the aerator at 40 days.

Figure 4.7 Spatial distribution of dissolved oxygen and soluble ammonium ammonia nitrogen
𝑆𝑁𝐻 at the level of the aerator at 40 days.
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Chapter 5: Multiphase Model
In the oxidation ditch, the velocity distribution is inhomogeneous (Huang et al. 2013). So,
activated sludge may settle in regions with lower velocity, further from the aerators. Since, the
density of sludge is greater than water; the flow is subjected to density stratification, spatial
variations in density. Stratification can modify the hydrodynamics in the ditch by reducing
mixing and in turn affect the biological processes in the oxidation ditch. A two-phase
(wastewater-sludge) CFD model of the oxidation ditch that coupled hydrodynamics and ASM-1
was developed to study how sludge stratification affects the hydrodynamics and the temporal
evolution and spatial distribution of ASM-1 components in the ditch.
5.1 ANSYS Fluent Multiphase Models
Two popular approaches to calculate multiphase flows using RANSS are the EulerLagrange and Euler-Euler methods. With Euler-Lagrange, there are two phases: continuous and
discrete. The discrete phase contains particles, which may represent bubbles or droplets,
dispersed in the continuous phase. It is assumed that the dispersed phase occupies a low volume
fraction. The continuous phase is solved for using the time-averaged Navier-Stokes equations,
while the discrete phase is solved by tracking a large number of particles in the domain
(Balachander and Eaton 2010). With Euler-Euler, there are two or more phases. With this
approach, the different phases are treated mathematically as interpenetrating continua - the
phases coexist everywhere in the domain (Balachander and Eaton 2010). Each phase occupies its
own volume fraction and the sum of the volume fractions is equal to 1.
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Three well-known Euler-Euler multiphase models are the following (Sadrehaghighi
2021):


Volume of Fluid (VOF) is used to simulate two or more immiscible fluids where the area
of interest is the interface between the fluids. The model solves a single set of momentum
equations for the fluids and tracks the volume fraction of each of the fluids in each
computational cell throughout the domain.



Mixture model is used to simulate two or more fluid or particulate phases and treats the
phases as interpenetrating continua. The model solves momentum, continuity and energy
equations for the mixture, volume fraction equations for the secondary phases and
algebraic expressions for the slip velocities if the phases are moving at different
velocities.



Eulerian model is considered the most complex multiphase model. Like the mixture
model, it is designed to simulate two or more fluid or particulate phases and the phases
are treated as interpenetrating continua. Momentum and continuity equations are solved
for each phase. The phases are coupled through pressure and interphase exchange
coefficients.

5.2 Governing Flow Equations
Following Fan et al. 2010, this work used the Eulerian model for the water-sludge
mixture. With this model, the continuity and momentum equations shown below are solved for
each phase. The continuity equation for phase 𝑞 (Brennen 2005) is:
𝜕
(𝛼 𝜌 ) + ∇ ∙ (𝛼𝑞 𝜌𝑞 𝑣⃗𝑞 ) = 0
𝜕𝑡 𝑞 𝑞

(5.1)

The momentum equation for phase 𝑞 (Brennen 2005) is:
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𝜕
(𝛼 𝜌 𝑣⃗ ) + ∇ ∙ (𝛼𝑞 𝜌𝑞 𝑣⃗𝑞 𝑣⃗𝑞 ) = −𝛼𝑞 ∇𝑝 + ∇ ∙ ̿̿̿
𝜏𝑞 + 𝛼𝑞 𝜌𝑞 𝑔⃗ + 𝑅⃗⃗𝑝𝑞
𝜕𝑡 𝑞 𝑞 𝑞

(5.2)

where 𝛼𝑞 is volume fraction of phase 𝑞, 𝜌𝑞 is the physical density of phase 𝑞, 𝑣⃗𝑞 is the velocity
of phase 𝑞, 𝑝 is the pressure shared by all phases, ̿̿̿
𝜏𝑞 is the 𝑞-th phase stress-strain tensor, 𝑔⃗ is
gravitational acceleration, and 𝑅⃗⃗𝑝𝑞 is the interaction force between the phases.
In this work, the phases were coupled via the interaction force, 𝑅⃗⃗𝑝𝑞 in Equation (5.2),
since the mass transfer between water and sludge phases was set to zero. 𝑅⃗⃗𝑝𝑞 is defined as:
2

2

∑ 𝑅⃗⃗𝑝𝑞 = ∑ 𝐾𝑝𝑞 (𝑣
⃗⃗⃗⃗⃗𝑝 − 𝑣⃗𝑞 )
𝑝=1

(5.3)

𝑝=1

where 𝐾𝑝𝑞 is the interphase momentum exchange coefficient, ⃗⃗⃗⃗⃗
𝑣𝑝 is the velocity of phase 𝑝 and
𝑣⃗𝑞 is the velocity of phase 𝑞.
𝐾𝑝𝑞 , the interphase momentum exchange coefficient for the interaction force, 𝑅⃗⃗𝑝𝑞 is
given as (ANSYS Fluent 2013):
𝐾𝑝𝑞 =

𝛼𝑞 𝛼𝑝 𝜌𝑝 𝑓
𝜏𝑝

(5.4)

where 𝛼𝑝 is volume fraction of phase 𝑝, 𝜌𝑝 is the physical density of phase 𝑝, 𝑓 is the drag
function and 𝜏𝑝 is the “particulate relaxation time” defined as:

𝜏𝑝 =

𝜌𝑝 𝑑𝑝2
18𝜇𝑞

(5.5)

where 𝑑𝑝 is the diameter of bubbles or droplets of the secondary phase 𝑝 and 𝜇𝑞 is the shear
viscosity of phase 𝑞.
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The Schiller and Naumann model was used to represent the drag function, 𝑓 in Equation
(5.4) following the work of Fan et al. (2010). The Schiller and Naumann model from Schiller
and Naumann (1935) is:
𝑓=

𝐶𝐷 𝑅𝑒
24

(5.6)

where 𝑅𝑒 is the relative Reynolds number and 𝐶𝐷 is the drag coefficient described as:
24(1 + 0.15 𝑅𝑒 0.687 )
𝐶𝐷 =
𝑅𝑒
0.44

𝑅𝑒 ≤ 1000

(5.7)

𝑅𝑒 > 1000

5.3 Results
5.3.1 Hydrodynamics
To investigate the effect of sludge on the hydrodynamics in the ditch, two steady flow
cases were explored: (1) single phase (water only) and (2) two-phase (water and sludge). In the
two-phase (multiphase) model, the density of sludge was 1150 kg m-3, its viscosity was 0.0046
kg m-1 s-1 and the diameter for a particle of sludge was 0.1 mm (Fan et al. 2010 and Lei and Ni
2014). The initial and influent volume fraction of sludge was 0.004. This volume fraction was
calculated based on the mixed liquor suspended solids (MLSS) concentration that operators try
to maintain in the oxidation ditch at the Valrico Advanced Wastewater Treatment Facility (4500
mg/l) and the density of sludge. For both cases, the density and viscosity of water was 998.2 kg
m-3 and 0.00103 kg m-1 s-1, respectively. Additionally, the influent velocity was constant at 0.078
m s-1 and the aerator speeds were kept constant, the front aerator at 32 revolutions per minute
(rpm) and the back aerator at 26.5 rpm.
After obtaining converged steady-state flow solutions for both cases, the flow speed
distribution on horizontal planes at three different depths, top (free surface), middle and bottom
(1 ft. from the bottom of the ditch), were compared (Figure 5.1). For both cases, the velocity
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decreased with depth. The multiphase model had higher flow speeds than the single-phase model
at the three depths, indicative of less turbulent mixing. When compared to the single-phase
model, the flow speed in the multiphase model was higher by 9 % at the top, 13% in the middle
and 11% at the bottom. Xie et al. (2014) compared predicted average velocities between a twophase (water and sludge) model and a single-phase model of an oxidation ditch. Their results
were consistent with the results of this study that there are no significant differences in the flow
velocities between the single-phase and multiphase models. Their results did show that the
multiphase model velocities agreed better with experimental data.
Turbulent kinetic energy (TKE) represents the kinetic energy per mass of the jostling
eddies in a turbulent flow. TKE quantifies the mixing in the ditch. Lower TKE implies less
mixing. Mixing driven by the aerators brings the microorganisms in contact with the pollutants
in the wastewater that must be removed. The TKE distribution was also compared on horizontal
planes at the top, middle and bottom as shown in Figure 5.2. For both cases, the TKE values
decreased with depth. The multiphase case had lower TKE values than the single phase except at
the top. The percentage change of the TKE values at the top and middle was about 3%, but the
percentage change at the bottom was 37%. The presence of sludge and in particular, its greater
accumulation near the bottom of the ditch, as seen in Figure 5.3 and 5.4, gives rise to lower TKE
in this region. Figure 5.4 shows the volume fraction of sludge in the multiphase case at different
depths: top (free surface), level of the aerator, middle and bottom (1 ft. from the bottom of the
ditch). The greatest volume fraction of sludge occurred near the walls at the bottom of the ditch.
5.3.2 Activated Sludge Model (ASM)-1
ASM-1 was incorporated into the CFD models to explore the effect of sludge
stratification on the temporal evolution and spatial distribution of ASM-1 components in the
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ditch. Since bio-kinetics do not affect the hydrodynamics in a reactor and the hydrodynamics of
the oxidation ditch is mostly steady except for short times after adjusting the aerator speed
(Zhang et al. 2019), the steady-state flows described in the previous sub-section were used to
advect the ASM-1 components in the CFD models. The ASM-1 component simulations ran for
40 days with a time-step size of 1800 secs. to obtain a steady-state solution. Note, that parameter
𝑆𝑅𝑇𝑠𝑒𝑡 which represents the sludge retention time (SRT) of the ditch was set to 28 days in
equation (4.7), based on typical conditions of the Valrico ditch. Influent and initial concentration
values for each respective ASM-1 component were set equal to each other. These values were
taken from Stamou (1997). The volume fraction of sludge set entering the ditch was small
compared to the volume fraction of water and from the converged stratified flow solution, it was
observed that water and sludge had the nearly the same velocities. Thus, all ASM-1 components
(soluble and particulates) were advected with the velocity of the mixture where the mixture
density, 𝜌𝑚 is
2

𝜌𝑚 = ∑ 𝛼𝑛 𝜌𝑛

(5.7)

𝑛=1

and the mixture velocity, 𝑢
⃗⃗𝑚 is
2

𝜌𝑚 𝑢
⃗⃗𝑚 = ∑ 𝛼𝑛 𝜌𝑛 𝑢
⃗⃗𝑛

(5.8)

𝑛=1

where 𝑛 denotes the phase, 𝛼𝑛 is the volume fraction of the phase, 𝜌𝑛 is the density of the phase
and 𝑢
⃗⃗𝑛 is the velocity of the phase.
Finally, note that the sludge (particulate) components in ASM-1 were treated independent
from the sludge stratification affecting the hydrodynamics. In principle, the impact (or buoyancy
effect) on the hydrodynamics induced by sludge produced by the ASM-1 processes should be
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considered. The coupling between ASM-1 and the sludge conservation of mass equation in the
multiphase hydrodynamic model required for this buoyancy effect was not performed because
the volume fraction of sludge produced by ASM-1 after 40 days for both the single-phase and
multiphase models was 0.003. Recall, the initial volume fraction of sludge was 0.004 and from
experience the volume fraction should be higher than approximately 0.02 for the sludge to have
significant effect on the hydrodynamics.
Figure 5.5 shows the time series of the concentration of each ASM-1 component
averaged over the volume of the oxidation ditch. Of the 12 components, only 𝑆𝑁𝑂 : soluble nitrate
nitrite nitrogen showed any discernable differences between the single phase and multiphase
(two-phase) models. The single-phase model had a higher steady-state volume averaged
concentration than the multiphase model. When the concentration of 𝑆𝑂 : dissolved oxygen is
sufficiently low, denitrification, the conversion of 𝑆𝑁𝑂 to nitrogen gas by facultative
heterotrophic biomass, occurs. There was no difference in steady-state volume averaged
concentration of dissolved oxygen for the two models (Figure 5.5). However, Figure 5.6 shows
that there is a difference in the spatial distribution of dissolved oxygen on horizontal planes at
different depths. The multiphase model had more extensive regions with lower dissolved
oxygen; therefore, more 𝑆𝑁𝑂 was converted to nitrogen gas, resulting in a lower steady-state
volume averaged concentration than the single-phase model.
5.5 Conclusion
Even though the density of sludge (1150 kg m-3) was greater than the density of water
(998 kg m-3), sludge stratification in the ditch had minimal impact on the mean flow spatial
patterns and thus, the temporal evolution and spatial distribution of ASM-1 components because
the volume fraction of sludge (0.4%) entering the ditch was very small. In the work of Fan et al.
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2010, the volume fraction of sludge was 2%. A 2% volume fraction of sludge implies that the
mixed liquor suspended solids (MLSS) concentration in the reactor is 23,000 mg/l. That value is
much greater than the MLSS concentration of 4500 mg/l maintained in the oxidation ditch at
Valrico.

Figure 5.1 Contours of flow speed distribution on horizontal planes at three different depths:
top (free surface), middle and bottom (1 ft. from the bottom of the ditch). For both cases, the
flow speeds decreased with depth. The multiphase case had higher flow speeds than the single
phase case at the three depths. Note that in the multiphase model above, flow speeds correspond
to the water phase; the flow speeds in the sludge phase were identical to the water phase.
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Figure 5.2 Contours of turbulent kinetic energy (TKE) on horizontal planes at three different
depths: top (free surface), middle and bottom (1 ft. from the bottom of the ditch). The TKE
values decreased with depth. The multiphase case had lower TKE values than the single phase
except at the top. The percentage change of the TKE values at the top and middle was about 3%,
but the percentage change at the bottom was 37%.
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Figure 5.3 Volume fraction of sludge on vertical plane in the multiphase case. (a) Volume
fraction of sludge in the multiphase case on a vertical plane across the center of the front aerator.
(b) Location of vertical plane in (a) relative to the entire oxidation ditch. In (a), sludge
stratification in the vertical direction can be observed, with the volume fraction of sludge
generally increasing with depth.
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Figure 5.4 Volume fraction of sludge in the multiphase case at different depths: top (free
surface), level of the aerator, middle and bottom (1 ft. from the bottom of the ditch) at 40 days.
The greatest volume fraction of sludge occurred near the walls at the bottom of the ditch.
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Figure 5.5 Time series of the concentration of each ASM-1 component averaged over the
volume of the oxidation ditch for the single phase and multiphase models. Only 𝑆𝑁𝑂 : soluble
nitrate nitrite nitrogen showed significant differences between the models.
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Figure 5.6 Spatial distribution of 𝑆𝑂 : dissolved oxygen at different depths: top (free surface),
level of the aerator, middle and bottom (1 ft. from the bottom of the ditch) at 40 days. The
multiphase model had more regions with the lowest 𝑆𝑂 values (blue).
.
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Chapter 6: Conclusions
This work developed a CFD model of a full-scale oxidation ditch, which represents one
of the ditches at the Valrico Advanced Wastewater Treatment Facility. This was the first study to
compare 1-D and 3-D CFD models of a full-scale oxidation ditch coupled with ASM-1 to assess
the benefit of 3-D CFD, despite the computational expense. In the process, it provided a
complete picture of how the hydrodynamics influence the treatment of wastewater via activated
sludge, often unfeasible through physical plant measurements.
From this research, it was concluded that:


The influent velocity does not greatly affect the hydrodynamics in the oxidation ditch.



The aerator speed has a major impact on the hydrodynamics in the ditch, as seen through
the mean residence time.



The hydrodynamics in the oxidation ditch are mostly steady except for about an hour
after adjusting the aerator speed.



Due to the over-simplification of the hydrodynamics, a 1-D model of the oxidation ditch
could not reproduce the complex spatial distribution of dissolved oxygen predicted by the
3-D model that promotes denitrification and hence, in terms of 𝑆𝑁𝑂 , the 1-D model could
not predict comparable treatment performance to the 3-D model.



Although the 1-D model was not able to predict comparable steady-state volume
averaged concentration of 𝑆𝑁𝑂 to the 3-D model, it did predict concentration values of the
other ASM-1 components in good agreement with the 3-D model.
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The swirling flow around the aerators play an important role in determining the spatial
distribution of dissolved oxygen. This flow pattern cannot be represented in the 1-D
model.



Soluble ammonia ammonium nitrogen (𝑆𝑁𝐻 ) and soluble nitrate nitrite nitrogen (𝑆𝑁𝑂 )
were more sensitive to the changes to the volumetric mass transfer coefficient, 𝐾𝐿 𝑎 than
readily biodegradable substrate (𝑆𝑆 ).



Even though the density of sludge was greater than the density of water, sludge
stratification in the ditch had minimal impact on the mean flow spatial patterns and thus,
the temporal evolution and spatial distribution of ASM-1 components.
This research planned to validate the CFD model with velocity measurements taken from

the physical oxidation ditch at Valrico. However, that was not possible due to the coronavirus
pandemic. As a result, in the future the CFD model should be validated with field (plant)
measurements. Dissolved oxygen measurements should be taken since the ASM-1 kinetic
processes were controlled by the levels of dissolved oxygen in the ditch. For the hydrodynamics,
velocity measurements or a tracer study, to calculate the residence time, should be conducted.
For this work, 𝐾𝐿 𝑎 was considered a free parameter and the values were chosen by trial and
error. However, in the field, 𝐾𝐿 𝑎 depends on the speed of the aerators. Experiments should be
conducted to determine the 𝐾𝐿 𝑎 values for the aerators at Valrico.
In this work, sludge recirculation and wasting were incorporated into the model via a
time-dependent inlet boundary condition. However, the role of the clarifier to thicken the sludge
before recirculation or wasting was not included in the model. Thus, in the future the CFD model
of the oxidation ditch should be coupled with a CFD model of a clarifier to model all the
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components of activated sludge system: aeration basin (oxidation ditch), clarifier, sludge
recirculation and sludge wasting.
Although the 1-D models investigated in this research were not capable of reproducing
the complex hydrodynamics of the oxidation ditch, it is important to continue exploring other
models that may capture the hydrodynamics more accurately, while incurring less computational
expense than the 3-D CFD model coupled with ASM-1. One such approach is compartmental
modeling in which the reactor is divided into a number of connected compartments significantly
less than the number of finite volumes used in a typical 3-D CFD model. With this approach,
advection and turbulent scalar fluxes between the compartments are obtained from the 3-D CFD
model of the hydrodynamics to then solve the transport equations for the ASM component
concentrations in each compartment. Compartmental modeling presents a computationally
cheaper option than CFD-ASM, since the bio-kinetics are not solved on the CFD mesh, but
rather on the much coarser compartment partition of the domain.
Le Moullec et al. (2011) used three different modelling approaches: (1) systematic, (2)
CFD and (2) compartmental to investigate the concentration profiles of oxygen, COD, NH3 and
NH4 in an aerated, activated sludge bench scale reactor. Alvarado et al. (2012) developed a
compartmental model of a full-scale waste stabilization pond. While, Rehman (2016) presented a
comprehensive method for deriving compartmental models and used CFD-ASM results to
develop compartmental models of an oxidation ditch and an annular bio-reactor.
Another approach that should also be considered in the future would be using the 1-D
model investigated in this research with a spatially varying dispersion coefficient, to capture the
heterogeneities in mixing instead of simply taking the dispersion coefficient as constant.
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In the current work, both the soluble and particulate ASM-1 components were advected
by the velocity of the water-sludge mixture. However, a more representative approach is for the
soluble components to be advected by the velocity of water and the particulate components by
the velocity of sludge. Even though there is a slight difference between the water and sludge
velocities, slight differences could induce large differences between the paths of the particulates
and solubles after weeks of simulation that could induce significant changes in predicted
treatment performance.
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Appendix B: Numerical Tracer Study
Large, continuous flow reactors are used in wastewater treatment. Due to the size of these
reactors, their flow behavior deviate from the ideal flow behavior exhibited by completely mixed
flow reactors (CMFR), so they are considered non-ideal reactors (Crittenden et al. 2012). Unlike
CMFR, non-ideal reactors do not assume homogeneity exists in the reactor and that the effluent
concentration and the concentration throughout the reactor is the same. Non-ideal reactors have
complex hydraulic and mixing conditions (Crittenden et al. 2012) which can affect the treatment
process. Hence, it is imperative to understand the hydraulic performance of non-ideal reactors.
The residence time distribution (RTD) is used to quantify the hydraulic performance of a
reactor. It can be used to determine how to modify the reactor for improved performance
(Crittenden et al. 2012). The RTD is obtained by conducting a tracer study either experimentally
in the full scale reactor or numerically with computational fluid dynamics (CFD). To conduct a
tracer study, an inert element called the tracer is injected at the inlet of the reactor and the tracer
concentration is measured at the outlet. There are two widely used methods for injecting the
tracer: (1) pulse (all at once) and (2) step (Ravi 2017). The RTD function, 𝐸(𝑡) derived from the
time-series of the tracer concentration at the outlet, 𝐶(𝑡) is used to perform residence time
analysis (Ravi 2017):
𝐸(𝑡) =

𝐶(𝑡)
∞
∫0 𝐶(𝑡)𝑑𝑡

(B.1)

The mean residence time, 𝑡𝑚 is determined by:
∞

𝑡𝑚 = ∫ 𝑡𝐸(𝑡)𝑑𝑡

(B.2)

0
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In the numerical tracer study, a Reynolds-averaged scalar advection-diffusion transport
equation solves for the tracer concentration. Also, the eddy diffusivity in the transport equation is
calculated following the k-epsilon model with turbulent Schmidt number set as 0.7.
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Appendix C: 1-D Model B Discretization
The 1-D Model B used the finite volume method to discretize the 1-D scalar advectiondiffusion-reaction transport equation (4.3), similar to Stamou (1997). Equation (4.3) was
integrated over each control volume. For arbitrary control volume 𝐶𝑉𝑖 , the result is as follows
𝜕𝐶𝐶𝑉𝑖
𝜕𝐶
𝜕𝐶
𝑑𝑧 𝐴 + (𝑢𝐶𝑖+1 − 𝑢𝐶𝑖 )𝐴 = (𝐷
|𝑧𝑖+1 − 𝐷
| ) 𝐴 + 𝑆𝑑𝑧 𝐴
𝜕𝑡
𝜕𝑧
𝜕𝑧 𝑧𝑖

(C.1)

where 𝐶𝐶𝑉𝑖 is the average concentration over the control volume, 𝑑𝑧 is the length of control
volume (m), 𝐴 is the cross-sectional area of the ditch (m2), 𝐶𝑖+1 is the concentration at the right
𝜕𝐶

face of the control volume, 𝐶𝑖 is the concentration at the left face of the control volume, 𝜕𝑧 |𝑧𝑖+1 is
𝜕𝐶

the gradient of the concentration at the right face of the control volume and 𝜕𝑧 |𝑧𝑖 is the gradient
of the concentration at the left face of the control volume.
In equation (B.1), backward finite differencing was applied between the current timestep, 𝑛 + 1 and the previous time-step, 𝑛, resulting in:
𝑛+1
𝑛
− 𝐶𝐶𝑉
𝜕𝐶𝐶𝑉𝑖 𝐶𝐶𝑉
𝑖
𝑖
=
𝜕𝑡
Δ𝑡

(C.2)

The concentration of the component at the right face of the arbitrary control volume 𝐶𝑉𝑖 , 𝐶𝑖+1 , in
Equation B.1 was calculated by finding the average concentration of the component from
neighboring control volumes 𝐶𝑉𝑖 and 𝐶𝑉𝑖+1 at the previous time-step, 𝑛:
𝐶𝑖+1 =

𝑛
𝑛
𝐶𝐶𝑉
+ 𝐶𝐶𝑉
𝑖
𝑖+1

2

(C.3)
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While, the concentration of the component at the left face of the arbitrary control volume, 𝐶𝑖 in
Equation B.1 was calculated by finding the average concentration of the component from
neighboring control volumes 𝐶𝑉𝑖 and 𝐶𝑉𝑖−1 at the previous time-step, 𝑛:
𝑛
𝑛
𝐶𝐶𝑉
+ 𝐶𝐶𝑉
𝑖−1
𝑖
𝐶𝑖 =
2

Centered finite difference was applied to

𝜕𝐶

| ,
𝜕𝑧 𝑧𝑖+1

(C.4)

the gradient of the component at the right face

𝜕𝐶

of the arbitrary control volume, and to 𝜕𝑧 |𝑧𝑖 , the gradient of the component at the left face of the
control volume, in Equation B.1 at the previous time-step, 𝑛:
𝑛
𝑛
𝐶𝐶𝑉
− 𝐶𝐶𝑉
𝜕𝐶
𝑖+1
𝑖
|𝑧𝑖+1 =
𝜕𝑧
∆𝑧

(C.5)

𝑛
𝑛
𝐶𝐶𝑉
− 𝐶𝐶𝑉
𝜕𝐶
𝑖
𝑖−1
|𝑧𝑖 =
𝜕𝑧
∆𝑧

(C.6)

Equations B.2 - B.6 were substituted in Equation B.1 Then, Equation B.1 was divided by the
cross-sectional area of the ditch, i.e. the constant cross-sectional area of the finite volumes, (𝐴)
and the uniform length of the control volumes (∆𝑧) and multiplied by the time step size (∆𝑡) to
yield:
𝑛+1
𝑛
𝐶𝐶𝑉
= 𝐶𝐶𝑉
+
𝑖
𝑖

𝐷 ∆𝑡 𝑛
𝑢 ∆𝑡
𝑛
𝑛
𝑛
+ 𝐶𝐶𝑉
− 𝐶𝐶𝑉
(𝐶𝐶𝑉𝑖+1 − 2𝐶𝐶𝑉
)−
(𝐶 𝑛
) + 𝑆 𝑛 ∆𝑡
2
𝑖
𝑖−1
𝑖−1
∆𝑧
2 ∆𝑧 𝐶𝑉𝑖+1

(C.7)

𝑛+1
𝑛
where 𝐶𝐶𝑉
is the concentration in control volume 𝑖 at the current time-step, 𝐶𝐶𝑉
is the
𝑖
𝑖

concentration in control volume 𝑖 at the previous time-step and 𝑆 𝑛 is the ASM-1 bio-chemical
process for the component at the previous time-step.
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